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ABSTRACT 
Cotton-based biodegradable nonwoven products have been receiving increasing 
attention in recent years with the growing environmental awareness throughout the world. 
A majority of the cotton-based nonwoven products are processed by carding with the 
binder fibers, and then point-bonding using a thermal calender.  
In this work, different biodegradable binder fibers were used to produce cotton-
based nonwovens. The structure and the properties of the resulting fabrics were studied. 
The effect of bonding temperature and binder fiber content on the bond morphology was 
investigated. The fracture and failure mechanisms of the fabrics produced with different 
binder fiber content and at different bonding temperature were analyzed. 
Binder fiber distribution was determined by both qualitative and quantitative 
methods. The results show that DSC is a useful method to quantitatively characterize the 
binder fiber distribution in the carded cotton-based nonwovens. By determining the 
specific enthalpy from crystallization of one of the binder fiber components in the fabrics, 
it is possible to calculate the fiber composition. 
Tensile properties of the resultant nonwovens under different processing 
conditions were studied. The optimal processing conditions for the nonwovens processed 
using different binder fibers were determined based on their tensile properties. 
Consequently, effects of binder fiber type, binder fiber content, and bonding temperature 
on the tensile property of the nonwoven fabrics are discussed.  The best binder fiber 
under the experimental conditions was selected based on the tensile property of the 
resulting fabrics. Based on the interactions of binder fiber composition and bonding 
temperature, empirical models have been developed to predict the breaking load of the 
 v
webs bonded by the best binder fiber using the General Linear Models Procedure in JMP 
5.0 statistical analysis software. 
The absorbent behavior and flexural rigidity of the nonwoven fabrics bonded by 
one of the binder fibers were investigated. The results indicate that the resultant fabrics 
have low flexural rigidity and good absorbency which show that the fabrics have 
potential applications as absorbent materials.  
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Chapter 1  
 
 
 
  INTRODUCTION 
 
 
§1.1 BIODEGRADABLE NONWOVEN MATERIALS 
Nonwoven fabrics have been widely used in home furnishings, automotive 
products, geotextiles, industrial filters and medical sanitary materials. The wide variety of 
the applications can be generally classified into two groups; one is single-use disposable 
materials and the other is long-lasting durable applications. Over the past 30 years, fiber 
usage by the nonwoven industry has grown by a factor of ten. Demand for nonwoven 
materials in the United States is expected to increase 3.9 percent per year to nearly $5 
billion in 2007. The main demand for nonwovens in 2002 was disposable markets, which 
accounted for a 64-percent share [1]. The majority of these products are made of 
synthetic fibers, such as polypropylene, polyethylene, polyester and polyamide, which are 
not biodegradable and end up as solid waste. With the growing environmental awareness 
throughout the world, environmentally compatible nonwoven products have been 
receiving increasing attention in recent years [2, 3].  
Population and environmental concerns, litter abatement, public policies, and 
seasonal agricultural needs are providing an incentive to develop and use biodegradable 
or environmentally friendly textiles, especially disposable nonwoven products [4]. 
Biodegradation is defined as “an event which takes place through the action of enzymes 
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and/or chemical decomposition associated with living organisms (bacteria, fungi, etc.) or 
their secretion products” [5]. It is worth noticing that some other abiotic reactions, such 
as photodegradation, oxidation, and hydrolysis, may also associate with the 
biodegradation due to environmental factors such as soils, rivers, lakes, and seas. 
Generally, the biodegradable material loses its weight over time and the whole material 
disappears and leaves no trace of remnants [6]. Thus the target for biodegradable 
nonwovens is to replace non-biodegradable synthetic fibers with biodegradable fibers in 
the disposable nownovens.  
Natural fibers, such as cotton, kenaf, coir, flax, jute, hemp, sisal, and wood, 
become the first choice due to their biodegradability. The biodegradable materials from 
biodegradable natural fibers and polymers will render a contribution in the 21st century 
due to serious environmental problem. Currently, both natural fibers and synthetic 
biodegradable fibers are available in the market for nonwoven applications. Some 
synthetic biodegradable fibers, such as cellulose ester (CA), Rayon, Lyocell, polyesters 
(PLA, PCL, PHB, PHBV, Biomax, PTAT), and water soluble PVA, have been used for 
nonwoven applications.  
 
§1.2 MOTIVATION FOR THE PRESENTED WORK 
Because biodegradable/compostable cotton-based nonwovens are sustainable 
materials, there is increasing interest in them and the expansion of nonwovens into novel 
applications. One of the major applications of disposable nonwovens is in absorbent 
materials, which constitute a broad range of products, including baby diapers, personal 
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hygiene and adult incontinent pads, tampons, paper towels, tissues, and medical wipes 
and pads. Most cotton-based nonwoven products are processed by carding with the 
binder fibers and then point-bonded using a thermal calendering machine. At the 
beginning of cotton-based nonwoven research, synthetic fibers such as polypropylene, 
polyethylene, and polyester were used as binder fibers [7-10]. However, these binder 
fibers are not biodegradable, thereby contributing to environmental pollution. Therefore, 
it has become important to find a suitable biodegradable binder fiber. 
  Cellulose Acetate (CA) fiber has been shown to be a good binder fiber for cotton-
based biodegradable/compostable thermal calendered nonwoven products by the research 
conducted at the University of Tennessee, Knoxville. CA is a thermoplastic, hydrophilic 
and biodegradable fiber. However, the softening temperature of cellulose acetate fiber is 
relatively high (Ts: 180-205˚C). Acetone solvent pre-treatment has been applied to 
decrease the softening temperature and to lower the calendering temperature [11]. 
Because acetone is flammable and toxic, and it is undesirable from the point of 
environmental concern. In this research, two alternative methods were used for 
cotton/cellulose acetate nonwovens:  
 1) Water as external plasticizer instead of acetone solvent 
2) Plasticized cellulose acetate (PCA) instead of ordinary cellulose acetate (OCA)    
    binder fiber. 
Also, Eastar Bio® GP Copolyester  [12], in the form of unicomponent and 
bicomponent fibers, was selected as the binder fiber instead of cellulose acetate to make 
thermally calendered nonwoven products. Eastar Bio® GP copolyester can be totally 
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degraded into CO2, H2O and biomass. Another advantage of this binder fiber is its 
relatively low melting temperature (110˚C), which means that the thermal calendering 
process temperature can be relatively low. 
The objectives of this research was to: 
1) Design and prepare biodegradable nonwovens with improved processability, 
without compromising tensile properties 
2) Select the best available binder fiber for biodegradable cotton-based 
nonwovens 
3) Determine the optimal processing conditions for the best compositions 
4) Investigate the relationship among process, structure, and properties of the 
resulting nonwovens. 
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Chapter 2  
 
 
 
LITERATURE REVIEW 
 
 
§2.1 NONWOVENS 
Nonwovens are flat, porous sheets that are made directly from separate fibers or 
from molten plastic or plastic film, and not from weaving or knitting of yarns. Nonwoven 
fabrics are broadly defined as sheet or web structures bonded together by entangling fiber 
or filaments (and by perforating films) mechanically, thermally or chemically [13]. The 
nonwoven process begins by making a “web” of loosely entangled fibers or filaments by 
carding, air-laying, wet-laying, or polymer-laying. The fibers in the web can be 
directionally or randomly orientated. The webs are then bonded together either by 
chemical, mechanical or thermal means. Chemical bonding involves the use of various 
adhesives or binders to bond the fibers together, in which the most commonly used 
adhesive is latex. Mechanical bonding includes needlepunching, stitchbonding, and 
hydraulic entanglement using water jets, while thermal bonding supplies heat in 
combination with pressure to fuse the components or binder fibers so that upon 
solidification, the web is bonded together. Thermal bonding can be further classified as 
thermal calendering, through-air bonding, ultrasonic bonding, or radiant bonding based 
on the heating method. A thermoplastic component in the form of fiber, powder, or film 
is necessary for the thermal bonding process. The melting point of the thermal plastic 
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component must be lower than that of the carrier fiber. Alternatively, carrier (base) fibers 
with low softening temperatures can themselves function as binding components. For 
example, spunbond PP is normally thermally point-bonded.  
Nonwoven fabrics are engineered fabrics that may be classified as durable for life 
long applications or disposable for limited life and single-uses. Nonwoven fabrics can be 
produced with different properties such as softness, absorbency, resilience, liquid 
repellency, flame retardancy, stretch, strength, cushioning, washability, filtering, bacterial 
barrier and sterility. These functions are often combined to create fabrics for specific 
applications. They can be as bulky as the thickest paddings and can mimic the 
appearance, texture and strength of woven fabrics. Nonwoven fabrics may be used alone 
or as components of apparel, home furnishing, health care, or engineering, industrial and 
consumer goods [13].  
 
§2.2 BIODEGRADABLE FIBERS  
Fibers are the basic units of nonwoven fabrics: they can be continuous filaments 
or short staple fibers. A variety of fiber types, both natural and synthetic, have been 
employed in the production of nonwoven products. Almost every fiber known to 
mankind has been used in a nonwoven structure at one time or another. However, 
commercially important nonwoven fabrics have been limited to relatively few fiber types. 
The dominant fibers include polypropylene, polyester, nylon, cotton and rayon. In 
Western Europe, the three fibers, polypropylene, polyester, and rayon accounted for 
nearly 70% of staple fiber consumption by the nonwoven industry in 1997 [14].  
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The popularity of synthetic fibers in the nonwoven industry is attributed to low 
cost, uniformity, ease of processing etc. However, with the growing demand and 
consciousness for environmentally friendly products, manufactures are now paying more 
attention to biodegradable fibers. 
  Biodegradable fibers are fibers which can degrade to lower molecular weight 
components, owing to the action of enzymes and/or chemical decomposition associated 
with living organisms (bacteria, fungi, etc.) and their secretion production [15]. 
Biodegradable fibers often have chain backbones with oxygen or nitrogen links and/or 
pendant groups containing oxygen or nitrogen atoms. Most natural fibers and fibers made 
of natural polymers fit this description.  
As it is well known, cotton is a natural cellulosic fiber. The importance of natural 
biodegradability of the cotton fiber makes it the best choice for the carrier fiber of 
biodegradable nonwovens. Besides, cotton fiber has good absorbency, softness, and 
breathability.  These properties have made the cotton fiber to be widely used in baby 
diapers, adult incontinence coverstocks, wipes, medical/surgical products, feminine 
hygiene coverstocks, sanitary towels, and some other health care products. Some of  the 
biodegradable synthetic fibers which are currently available for use in the production of 
nonwoven fabrics are discussed  below [16-21]. 
 
§2.2.1 Cellulose Esters  
Cellulose acetate (CA) is considered as a potentially useful polymer in 
biodegradable applications. Cellulose esters are produced by the chemical modification 
of cellulose and include the family of cellulose acetates (CA), cellulose acetate 
propionates (CAP) and cellulose acetate butyrates (CAB) [22]. CA, CAB and CAP can be 
obtained from Eastman Chemical Co. Inc. Kingsport, TN under the trade name Tenite 
[17]. Cellulose acetate (CA) is produced by the partial hydrolysis of cellulose triacetate. 
The structure of cellulose diacetate is represented in Figure 2.1. Since the hydroxyl 
groups in cellulose acetate are blocked and substituted by acetyl groups in different 
degrees, the biodegradability of cellulose acetate is less certain. Cellulose acetate only 
biodegrades under certain circumstances as the three hydroxyl groups on the 
glucopyranosyl rings are replaced by more hydrophobic ester groups.  The extent of 
biodegradability is highly related to the degree of substitution (DS) [5]. 
 
 
 
Figure 2.1 Chemical structure of cellulose diacetate. 
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§2.2.2 Polylactic Acids  
Polylactic acids (PLA) received considerable attention because of the 
biodegradability and biocompatibility. It can be used in biomedical applications, such as 
surgical suture and drug delivery systems. The chemical structure of PLA is illustrated in 
Figure 2.2. Recently PLA has been highlighted by Cargill Dow Polymers because of its 
availability from renewable resources like corn [23]. PLA resins are composed of chains 
of lactic acid, a natural food ingredient, which can be produced by converting starch into 
sugar and then fermenting it to yield lactic acid. PLA can be degraded into lactic acid and 
finally into CO2 and H2O by hydrolysis of ester bonds. PLA has the advantage of being 
not only biodegradable but also renewable since the raw material, lactic acid, may be 
produced by microbial fermentation of biomass. One interesting feature of PLA is that its 
processing temperatures are more typical of polyolefins (approximately 220°C) but its 
properties are more like those of polyesters. PLA’s biggest potential use may be as a 
lower cost competitor for PET in films, fibers and fabrics, and bottles for water and other 
noncarbonated liquids. 
 
 
Figure 2.2 Chemical structure of PLA. 
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§2.2.3 Poly(ω-Caprolactone) 
Poly(ω-caprolactone), PCL, is an example of poly(ω-hydroxyalkanoate), a 
preferred biodegradable aliphatic polyester. PCL is prepared from cyclic ester monomer, 
lactone, by a ring-opening reaction with a catalyst like stannous octanoate in the presence 
of an initiator that contains an active hydrogen atom. The chemical structure of PCL [24] 
is illustrated in Figure 2.3. It has been shown that PCL is degraded by enzymes, lipases, 
secreted from microorganisms [25, 26]. 
PCL polymers are available from Union Carbide Corporation under the trade 
name Tone. Glass transition and melting temperatures of PCL are – 60°C and 61°C, 
respectively.  
 
 
 
Figure 2.3 Chemical structure of PCL. 
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§2.2.4 Poly(Tetramethylene Adipate-co-terephthalte)  
Poly(tetramethylene adipate-co-terephthalte) (PTAT) is a patented product 
developed by Eastman Chemical Company in August 1995 and commercialized in 
November 1997 with a trade name Eastar Bio® GP Copolyester. It is a random copolymer 
derived from conventional diacids and glycols. The building blocks are shown in Figure 
2.4 [16].  
Eastar Bio® GP Copolyester can be fully degraded into CO2, H2O and biomass in 
a commercial composting environment in 180 days and becomes invisible to the naked 
eye in twelve weeks [16]. The extent and rate of biodegradation depend on several factors 
including environmental conditions, such as moisture and temperature, geometry, and 
manufacturing method of the finished product.  
The biodegradable copolyester is a semicrystalline polymer with a tensile strength 
comparable to LDPE, but with very high elongation and low modulus. The melting 
temperature of the polymer is around 110°C. Eastar Bio® copolyester can be spunbonded 
and meltblown. It can also be mixed with materials from renewable resources, such as 
starch and wood floor, or can be applied in extrusion coating applications.  
Fiber and fabrics made from Eastar Bio® copolyester have very soft hand. The 
main applications for the biodegradable copolyester are in food packaging, ground 
covers, gardening bags, seed mats, and nonwovens [27]. 
  
 
 
 
 
 
Figure 2.4 Building blocks of Eastar Bio® GP copolymer. 
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§2.3 NONWOVEN  PROCESSING 
The web formation in nonwoven production is a critical part of end-use product 
performance. Strength, absorbency, and stiffness in a nonwoven fabric are primarily 
determined by the fiber orientation distribution during web formation, fiber type and 
strengths of the constituent fibers, and the degree of bonding. Four basic methods are 
used to form a web: dry-laying (carding and airlaying), wet-laying, spunbonding and 
meltblowing. Webs, other than spunlaid, have little strength in their unbonded forms. The 
web must therefore be consolidated in some way. There are three basic types of bonding: 
chemical (latex bonding, saturation bonding, spray bonding, foam bonding), thermal 
(calendering, through-air bonding, ultrasonic bonding, radiant bonding), and mechanical 
(needlepunching, stitchbonding, hydraulic entanglement). 
 
§2.3.1 Carding  
Carding is the most common process for producing nonwoven fabrics from staple 
fibers. The objective of carding is to separate the fiber stock into individual fibers with 
minimum fiber breakage. The carding process consists of opening and thoroughly 
blending different species of fibers. It is performed by the mechanical action in which the 
fibers are held by one surface while the other surface combs the fibers, causing the 
separation of individual fibers.  For cotton-based thermally point-bonded nonwovens, it is 
important that the low-melting adhesive components (the binder fibers) be distributed 
evenly throughout to ensure uniformity of fabric properties. However, the carded webs 
always have area irregularities of mass distribution caused by machine variables, such as 
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the nature and conditions of card clothing, the relative speeds and settings of the carding 
elements, fiber properties, such as fiber staple length, cross sectional shape, crimps, 
stiffness, fiber surface roughness, tensile properties, spin finishes applied to the fibers, 
fiber morphologies, and area irregularities of the fed fiber matt [28]. For any application, 
the most important characteristic of a carded web is the uniformity of fiber areal density. 
 
§2.3.2 Thermal Bonding  
Thermal bonded nonwovens have "come of age" in the 1990s [29].  Thermal 
bonding is the process of using heat to bond or stabilize a web structure that contains a 
thermoplastic binder. It is the most popular method of bonding used in nonwovens 
because of favorable process economics, the absence of chemical binders, the availability 
of new fibers and machinery, and process and product enhancement.  
There are three key components in thermal bonding: structure of carrier or base 
fiber, heat activated binder fiber, and the bonding process [30]. The carrier fiber is the 
skeleton structure of the nonwoven fabric. It gives the fabric strength, integrity and 
certain properties depending on the fiber composition. The adhesive component, 
distributed in a nonwoven web is in the form of a unicomponent binder fiber, 
bicomponent binder fiber, powder particle, film, hot melt, netting or the outer surface of a 
homogeneous carrier fiber that is subjected to heat [30]. As the adhesive approaches its 
melting point, its surface softens and contacts areas with more stable fibers to form 
potential bonding sites. The adhesive attaches to a network fiber upon melting and flows 
along the network fiber into a crossing of two or more fibers, or an adhesive bead is 
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formed. When cooled, the adhesive solidifies and forms a bond or thermal fusion at each 
fiber/binder contact. Individual bond strength is a function of the amount of fiber surface 
area joined or shared at fiber intersections and the inherent strength of the bonding 
adhesive. Binder distribution and binder concentration also affect the bond. Fabric 
properties such as strength, resilience, softness, and drape are influenced by individual 
bond strength, bond placement, and the total bonded area. A properly produced thermal 
bonded nonwoven can approach the idealized nonwoven structure, that is, one in which 
individual fibers are attached flexibly at every fiber crossing [29].  
Thus, all thermal bonding processes have two common features. First, the melting 
point of the binder fiber must be lower than that of the carrier fiber. Second, heat must be 
applied either alone, combined with pressure, followed by pressure as in the case of 
calenders, ovens and radiant heat sources or simply generated as part of the process (e.g. 
ultrasonic bonding). There are four methods of thermal bonding [31]. They are hot 
calendering, oven bonding, ultrasonic bonding, and radiant heat bonding. Hot calendering 
can be further classified as area bond hot calendering, point bond hot calendering, and 
embossing hot calendering. Among the various types of thermal bonding methods, point 
bonding using embossing rolls is the most desired method used by the cover-stock 
industry for baby diapers. It employs direct contact, with heat and pressure, to produce 
localized bonding in a nonwoven. Also it adds softness and flexibility to the fabric by the 
embossing rolls compared to smooth rolls used in area bond hot calendering.  
 
§2.3.3 Point Bonding Process 
Point-bonding is applicable to carded, spunbond, and meltblown webs. This 
method produces fabrics which range from thin, closed, strong, inelastic, and stiff to 
open, bulky, weak, flexible and elastic depending on the size, density, and the pattern of 
the bond points. 
In the point bonding process, the web is fed to a calender nip consisting of one 
engraved roll and one smooth roll. As the web enters the hot calender nip, fiber 
temperature is raised to the point at which tackiness and melting cause fiber segments 
caught between the tips of engraved points and smooth roll to adhere together. The 
process is schematically shown in Figure 2.5 [32]. 
 
 
Figure 2.5 Schematic of thermal point bonding process [32]. 
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The main process variables affecting fabric properties are bonding temperature, 
bonding pressure, and contact time (or calendering speed). In general, bonding 
temperature is considered the primary parameter influencing bonded fabric strength [33, 
34]. At fixed bonding pressure and calendering speed, there is an optimal bonding 
temperature which gives maximum bond strength [34-37]. Bonding pressure was found 
to be less significant in determining fabric properties as compared to bonding temperature 
[36]. However, a certain pressure is essential to achieve contact between fibers and roll 
surfaces. Higher pressures may have the effect of increasing the melting point of the 
polymer fibers due to the Clapeyron effect [38]. The contact time of the web in the nip is 
primarily controlled by the production speed and roll diameters. Generally, increasing the 
calender speed while maintaining the roll temperature and pressure constant reduces the 
breaking strength [34]. The roll speeds used are a tradeoff between maximum 
productivity and sufficient contact time of fibers and rolls. An increase in production rate, 
when compensated by an appropriate increase in temperature and reduction of the bond 
point area, may actually increase the fabric strength. 
 
§2.4 BOND FORMATION 
Bonding has been ascribed to adsorption/wetting, van der waals attractive forces, 
electrostatic attraction, development of contact at the interface by viscoelastic 
deformation, diffusion of molecules, chemical bonds and mechanical interlocking, which 
are schematically shown in Figure 2.6. It is well known that the properties of an interface 
 
  
 
 
Figure 2.6 Interface bonds. Bonds are formed  
(a) by molecular entanglement; (b) by electrostatic attraction; (c) by interdiffusion 
of elements; (d) by chemical reaction between groups A on one surface and groups B 
on the other surface; (e) by chemical reaction following forming of a new 
compound(s); (f) by mechanical interlocking [40]. 
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are controlled largely by the chemical/morphological nature and physical/thermodynamic 
compatibility between the two [39, 40].  
Wetting can be quantitatively expressed in terms of contact angle and surface 
energy according to Young’s equation: 
 θγγγ cosLVSLSV +=                                                   (2.1) 
where SVγ , SLγ  and  LVγ are the surface free energies of the solid-vapor, solid-liquid and 
liquid-vapor interfaces, respectively, and θ  is the contact angle as shown in Figure 2.7. 
Liquids that form contact angles greater than 90° are called “Non-wetting”, while liquids 
that form contact angles less than 90° are called “wetting”. If the liquid does not form a 
droplet, i.e. θ =0°, it is termed “spreading” and in this case, SVγ  - SLγ  > LVγ . The surface 
energy of a solid, SVγ , must be greater than that of a liquid, LVγ , for proper wetting to 
take place. According to the diffusion theory, wetting at the interface is followed by 
diffusion of molecular segments across the interface and ensuing entanglements with  
 
 
Figure 2.7 Contact angle. Contact angle θ, and surface energies, γLV, γSL, and γSV, 
for a liquid drop on a solid surface. 
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other molecules contributing to bond formation. A bond between two surfaces may be 
formed by the interdiffusion of atoms or molecules across the interface. A fundamental 
feature of the interdiffusion mechanism is that there must exist a thermodynamic 
equilibrium between the two constituents [40]. The phenomenon of bonding has been 
explained in terms of adhesive and cohesive forces in the bonded nonwovens. If fibers 
are to be bonded firmly with an adhesive, a strong mechanical and/or chemical bond must 
be formed between the adhesive and the fiber. Therefore, the coherence of the product 
will be determined by the harmony of the two types of bonding forces involved, that is, 
the adhesive forces acting on the contact interface and the cohesive forces acting within 
the bonding layer [39]. 
The bond strength in polymer matrix composites will depend on the amount of 
molecular entanglement, the number of molecules involved and the strength of the 
bonding between the molecules. The interfacial region has a substantial thickness, and its 
chemical, physical and mechanical properties are different from those of either of the two 
bulk components. An analysis of the bonding procedure reveals the following main steps 
in the process [39]: 
• Getting both the phases into contact 
• Wetting of the surface of carrier/base fibers with the softening of binder fiber 
• Interfacial diffusion 
Factors that affect bonding can be classified in two groups, physical and chemical. 
Physical factors are listed as surface tension, cleanness and size of the surface, thickness 
of the adhesive layer, pressure and the time for which it is applied, and temperature and 
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the time for which it is applied. Chemical factors include chemical composition and 
properties of the two constituents, degree of polymerization and polydispersity of the two 
constituents, polarity of the two constituents, adsorption property of the carrier fiber, 
viscosity of the binder in the course of the bonding process, and its rheological properties 
[39]. 
 
§2.5 FABRIC FAILURE 
A thermally point-bonded fabric is a network of fibers bonded together at discrete 
points called bond points. The fibers connecting the bond points are called bridging 
fibers. Most of the fibers in thermally point-bonded fabrics are unbonded, and result in a 
fabric that is soft to touch. The strength of thermally point-bonded fabrics is rarely 
proportional to the aggregated single fiber strength. It depends on both the properties of 
the bond points and the bridging fibers, the bond shape, bond arrangement, mechanical 
damage of the fibers during thermal calendering.  
Chidambaram [41] mentioned the following two factors, which affect the failure 
of the fabric:  
1. Non-uniform lengths of bridging fibers caused by different crimps of carrier 
fiber and binder fiber and the diamond shape of the bond points result in strain 
inhomogenieties during the test. The higher the crimp level, the longer the 
bridging fiber interval. For the diamond shape bond pattern, fibers at the edges of 
bonds are longer than the fibers in the center of the bond. Thus, the fibers close to 
the center bear higher strains and support higher loads than the fibers at the edges. 
2. Elongation variability of bridging fibers.  Two idealized shapes of fiber stress-
strain curves are shown in Figure 2.8. Fibers with concave-down stress-stain 
curves (A) are believed to be a better choice for thermally point-bonded 
nonwovens than those with concave-up stress-strain curves (B), when load 
sharing is considered [41]. For fabrics containing more than one type of 
constituent fibers, the elongation variability may cause strain inhomogenieties. 
For the same fiber, elongation properties may vary from fiber-to-fiber, which can 
further increase inhomogeneous straining.  
 
 
 
Figure 2.8 Two idealized stress-strain relationships [41]. 
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Failure of nonwoven fabrics can occur by failure of the constituent fibers, failure 
within the adhesives or at the fiber-binder bonding interfaces, or by a combination of 
these modes. The nonwoven fabric failure mechanism is influenced by fiber physical 
properties, adhesive properties, and structural properties including the relative frequency 
and structure of the bonding elements, fiber orientation and the degree of freedom for 
movement of the fibers between the bond points. Physical properties of the nonwovens 
will be controlled by the first failure occurring in the fabric sample [42]. The following 
observations were made according to previous study on the fabric failure mechanism of 
thermally point-bonded nonwovens [33-34, 36-37, 43-46]: 
a) At low bonding temperatures, the bond failure mechanism was found to be the 
loss of interfacial adhesion at the bond site, leading to bond disintegration due to 
poor bonding. 
b) At higher bonding temperatures, the failure mechanism was cohesive failure of 
the fibers near the bond site attachment point, either at the bond perimeter or 
between two bond points. 
c) At extremely high temperatures, bond points lose fiber integrity and formation 
of film-like spots resulting in brittle bonds, which cracked and caused fabric 
failure at lower strength, that is, the fracture of bond itself.  
 
§2.6 MORPHOLOGY OF BOND POINTS AND BRIDGING FIBERS  
Fabric failure was determined by the character of the bond points and by the 
stress-strain relationship of the bridging fibers. During point bonding, the bond points and 
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the bridging fibers develop distinct properties, different from those of the virgin fibers, 
depending on the process variables employed.  
Warner [38] suggested that fibers break at the bond periphery because of the local 
thermo-mechanical history of the polymer. The material at the perimeter is weak and 
brittle, and he attributed this brittleness to crystallization in an unoriented state, especially 
at the perimeter where polymer is a result of extrusion from under the pin. Thus, he 
suggested that the strength of point-bonded fabrics would be governed by the bond-
periphery strength. Mi et al. [47] suggested that bond strength is important in determining 
the strength of point-bonded fabrics. Theoretical results of their model indicated that 
‘high-strength’ bonds defined by fabric failure, caused by failure of the bridging fibers, 
led to the strongest fabrics. Wei et al. [48] observed that “significant morphological 
changes occur in the bonding regions, and the physical properties of thermally bonded 
fabrics are a manifestation of the nature and quality of the bonding regions”. Akai and 
Aspin [49] indicated that embossing increased crystallinity, improved crystal perfection, 
and caused some molecular orientation in the manufacture of embossed PP tapes.  
Although considerable knowledge has been gained on how the structure of a 
nonwoven affects its properties as stated above, it is still not clear on how to translate 
fiber morphology and properties to the end-product properties due to the lack of reliable 
data and the complexity of the structure of nonwovens. Recently some breakthroughs 
have been made by several researchers via reliable methods that measure how the fiber 
morphology and properties are transformed during bonding.  
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Bhat et al. [50] found that fibers with relatively less developed morphology 
yielded stronger and tougher webs as compared to fibers with more developed 
morphology. The fibers with high molecular orientation and cystallinity tended to form a 
weak and brittle bond mainly due to lack of polymer flow and the presence of fibrillation 
of the fibers in the bonded regions. Also they observed fiber breaking extension is as 
important as fiber strength in governing web properties. Higher breaking extension of the 
fibers leads to a greater degree of load sharing between the fibers during deformation, 
thus improving the mechanical properties of the web. Fibers with less developed 
morphology showed lower optimum bonding temperature.  
Wang and Michielsen [51] applied Raman microspectroscopy to isotactic 
polypropylene nonwovens to determine the morphology of these materials on a micro 
scale size of about 3µm. Several discoveries have been made. First, the morphology of 
the fibers between bond points and at locations greater than 30µm from the bond edges is 
unchanged from the original fibers. Second, the morphology of the bonded regions is 
considerably different from that of the original fibers, and the extent of the difference 
depends directly on bonding conditions. Birefringence is higher and the crystallinity is 
lower in the thermal point bonds compared to the original fibers. Third, there is a sharp 
gradient in the morphology at the bond edge over a distance of about 30µm.  
 
§2.7 ABSORPTION  
One of the major applications of disposable nonwovens is in absorbent materials, 
which constitute a broad range of products, ranging from baby diapers, personal hygiene 
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and adult incontinent pads to tampons, paper towels, tissues and sponges. The key 
requirement for absorbent materials is its ability to imbibe rapidly and hold large amount 
of fluid under pressure. Absorbency rate and absorbent capacity are the two most 
important performance parameters to be considered for absorbent applications of 
nonwovens. The absorbent capacity is mainly determined by the interstitial space 
between the fibers, the absorbing and swelling characteristics of the material and the 
resiliency of the web in the wet state. The absorbency rate is governed by the balance 
between the forces exerted by the capillaries and the frictional drag offered by the fiber 
surfaces. For non-swelling materials, these properties are largely controlled by the 
capillary sorption of fluid into the structure until saturation is reached [52].  Gupta et al 
[53-57] found that absorbency rate and absorbent capacity are affected by fiber 
mechanical and surface properties, structure of the fabric (i.e., the size and the orientation 
of flow channels), the nature of fluids imbibed, and the manner in which the web or the 
product is tested or used. Among those factors, the surface wetting characteristics 
(contact angle) of the fibers in the web and the structure of the web, such as the size, 
shape, orientation of capillaries, and the extent of bonding, are most important.   
The polymer type of the fibers in the fabrics, hydrophilic or hydrophobic, 
influences the inherent absorbent properties of the fabrics. A hydrophilic swellable fiber 
provides the capacity to absorb liquid via fiber imbibition, giving rise to fiber swelling. It 
also attracts and holds liquid external to the fiber, in the capillaries, and structure voids. 
On the other hand, a hydrophobic fiber has only the latter mechanism available to it 
normally [58]. The effect of the small amount of fiber finish (generally 0.1 to 0.5% by 
weight) is also important since it is on the fiber surface. The particular finish applied on 
the fiber can significantly change surface wetting property of the fiber. 
Fiber linear density and its cross-section area affect void volume, capillary 
dimensions and the total number of capillaries per unit mass in the fabrics. Fiber surface 
morphology, surface rugosity, and core uniformity can influence the absorbency 
performance to some extent. Fiber crimps influence the packing density of the fabrics and 
further affect the thickness per unit mass, which affects the absorbency of the nonwoven 
fabrics. The nature of the crimps, whether it is two-dimensional or three-dimensional, 
also has some effect [58]. 
The size of capillaries is affected by the thickness per unit mass and the resiliency 
of the web, and the size, shape and the mechanical properties of the fibers. The resiliency 
of the web is influenced by the nature and level of bonding of the fabrics as well as the 
size, shape, and mechanical properties of the constituent fibers [57].  
Models have been built to characterize the two parameters, absorbent capacity (C) 
and absorbency rate (Q). C (cc/g fluid/g) is given by the volume/mass of fluid absorbed at 
equilibrium divided by the dry mass of the specimen, while Q is given by the slope of the 
absorbency curve divided by the dry mass of the specimen. The model to calculate C is 
based on determining the total interstitial space available for holding fluid per unit dry 
mass of fiber. The equation is shown as follow [56, 57]: 
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 where, A is the area of the web 
  T is the thickness of the web 
  Wf is the mass of the dry web 
  fρ is the density of the dry fiber 
  Vd is the amount of fluid diffused into the structure of the fibers 
  α is the ratio of increase in volume of a fiber upon wetting to the  
volume of fluid diffused into the fiber.   
In the above equation, “the second term is negligible compared to the first term, 
and the third term is nearly zero if a fiber is assumed to swell strictly by replacement of 
fiber volume with fluid volume” [57]. Thus, the dominant factor, which controls the 
fabric absorbent capacity, is the web thickness per unit of dry mass (T/Wf). 
For absorbency rate, the Washburn-Lucas’s equation [59, 60] is applied. 
 
 trS l η
θγ
2
cos2 =                                                       (2.3) 
 
 where, S is the distance through which the fluid penetrated in time t 
r is the mean pore radius of the capillary 
γl is the surface tension of the fluid 
θ is the contact angle of the fiber 
η is the viscosity of the fluid 
t is the fluid penetrated time 
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Modifications are given to Washburn-Lucas’s equation when applied to the 
nonwoven webs in which the fluid radially spreads outward from a point in the center. 
The modified equation is shown as follow: 
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where, r is the mean pore radius of the capillary 
γl is the surface tension of the fluid 
θ is the contact angle of the fiber 
η is the viscosity of the fluid 
  T is the thickness of the web 
  Wf is the mass of the dry web 
  A is the area of the web  
ρf is the density of the dry fiber 
In a given web and fluid system, only mean pore radius r and thickness per unit 
mass (T/Wf) in above equation are not constant. Gupta [54] predicted the value of r by the 
following equation based on the assumption that a capillary was bound by three fibers, 
oriented parallel or randomly, and the specific volume of the capillary unit cell equaled 
that of the parent web. 
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 where the subscripts 1 and 2 represent different fiber types and 
  ξ is a constant with a value of 9 × 105
  d is fiber denier 
  ρ is fiber density (g/cc) 
  f is mass fraction of a fiber in blend (f1 + f2 = 1) 
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Chapter 3  
 
 
 
MATERIALS, 
PROCESSING, AND 
CHARACTERIZATION 
 
 
§3.1 MATERIALS 
Six different staple fibers were used in this study: cotton fiber, ordinary cellulose 
acetate (OCA) fiber, plasticized cellulose acetate (PCA) fiber, Eastar Bio® GP 
copolyester unicomponent (Eastar) fiber, Eastar bicomponent (Eastar/PP) fiber, and 
PE/PET bicomponent fiber. The cotton fiber, the carrier fiber, was supplied by Cotton 
Incorporated, Cary, NC. The scoured and bleached commodity cotton fiber had a 
moisture content of 5.2%, a micronaire value of 5.4 and an upper-half-mean fiber length 
of 0.96 inches. Both the OCA and PCA binder fibers were provided by Celanese 
Corporation, Charlotte, NC, while the Eastar and Eastar/PP bicomponent binder fibers 
were provided by Eastman Chemical Company, Kingsport, TN. The plasticizer used in 
PCA binder fiber is triethyl citrate ester (C12H20O7) with a weight concentration around 
2%. The PE/PET bicomponent fiber, provided by Kosa, Inc., Charlotte, NC, was selected 
as the control binder fiber. Both the bicomponent fibers have a sheath/core structure, with 
PE and Eastar as the sheaths, and PET and PP as the stiffer cores, respectively. 
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§3.2 PROCESSING 
The nonwoven fabrics in this research were produced by first carding the cotton 
and binder fibers, followed by thermal bonding of the carded webs. The fiber components 
were prepared by separately opening and then hand mixing the two fiber types for 
homogeneity. The fiber blend was then carded to form a web using a modified 
Hollingsworth card with the conventional flats installed at the licker-end of the machine. 
The resulting carded webs had basis weights of about 40 or 80grams/m2 (gsm). After 
carding, water dip-nip treatment was applied to some of the carded webs. Then the 
treated or untreated webs were thermally point-bonded using a Ramisch Kleinewefers 
60cm (23.6inches) wide calender. The embossed roll has a diamond pattern, covering 
approximately 16.6% of the surface area.  
 
§3.3  DESIGN OF EXPERIMENT  
 
Two blend ratios (75/25, 50/50) and three calendering temperatures (150°C, 170°C, 
and 190°C) were used for the cotton/cellulose acetate series. Three blend ratios (85/15, 
70/30 and 50/50), and two sets of calendering temperatures, (90°C, 100°C, 110°C, and 
120°C) and (110°C, 120°C, 130°C, and 140°C) were used for cotton/Eastar(/PP) series 
and cotton/(PE/PET) series, respectively. All the webs were calendered under the same 
nip pressure of 0.33MPa at a constant speed of 10m/min. Table 3.1 lists the parameters 
and their various levels taken up for the study. 
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Table 3.1 Process parameters and their levels. 
Process parameters and their various levels selected for testing 
Cotton/Binder Process parameters Number 
of levels 
Levels 
Bonding temperature °C 3 150, 170, 190 Cotton/OCA 
Blend ratio (%) 2 75/25, 50/50 
Bonding temperature °C 3 150, 170, 190 Cotton/OCA 
+ water dip-nip Blend ratio (%) 2 75/25, 50/50 
Bonding temperature °C 3 150, 170, 190 Cotton/OCA 
+ 20% acetone Blend ratio (%) 2 75/25, 50/50 
Bonding temperature °C 3 150, 170, 190 Cotton/PCA 
Blend ratio (%) 2 75/25, 50/50 
Bonding temperature °C 4 90, 100, 110, 120 
Blend ratio (%) 3 85/15, 70/30, 50/50 
Cotton/Eastar 
Basis weight (g/m2) 2 40, 80 
Bonding temperature °C 4 90, 100, 110, 120 Cotton/(Eastar/PP) 
Blend ratio (%) 3 85/15, 70/30, 50/50 
Bonding temperature °C 4 110, 120, 130, 140 Cotton/(PE/PET) 
Blend ratio (%) 3 85/15, 70/30, 50/50 
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§3.4 CHARACTERIZATION 
§3.4.1 Tensile Strength 
Tensile properties of single filaments, single bonds, and fabric strips were tested 
using the United Tensile Test. All the tensile property tests were carried out under the 
standard atmosphere for testing textiles, with the temperature of 21 ± 1°C and the relative 
humidity of 65 ± 2%. Strip tests were done according to ASTM D 5035-95 Standard Test 
Method for Breaking Force and Elongation of Textile Fabrics (Strip Method) with a 
gauge length of 5 inches.  Single filament tests were run at 0.5 inches gauge length with 
an extension speed of 0.5 inches/min. Results from average of 15 tests are reported.  
A schematic illustration of the sample preparation of single bond test is shown in 
Figure 3.1. A strip of size 80mm x 5mm was cut from the web. The strip was cut across 
the width direction from the two sides to leave only one bond uncut in the middle of the 
strip. The strip was then subjected to a conventional tensile test. The test was conducted 
on the United Tensile Tester with a gauge length of 1 inch (2.54cm) and extension rate of 
0.5 inches/min (1.27cm/min). A total of twenty tests were done for each sample. 
 
§3.4.2 Thermal Analysis 
Thermal analysis was carried out using the Mettler Differential Scanning 
Calorimeter (DSC), Model DSC-821.  Thermal behavior of the binder fibers was 
determined with a scanning rate of 20°C/min under nitrogen atmosphere. DSC was also 
used to determine the weight/weight concentration of the binder fiber in the thermally  
  
 
 
 
 
 
Figure 3.1 Schematic of single bond strip tensile test. 
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point-bonded cotton/(PE/PET) and cotton/(Eastar/PP) webs. The uniformity of the binder 
fiber distribution of the carded webs was evaluated by taking several measurements of 
the specific enthalpy of cooling across the width of the web. Additional details are 
summarized in the published paper (Appendix). 
Temperature calibration was performed using indium with the melting 
temperature of 156.56°C and heat of fusion (∆Hf) of 28.54J/g. In order to eliminate the 
effect of different heat histories of the two binder fibers during processing, the 
crystallization behavior of one of the binder fiber components was measured. For the 
cotton and PE/PET binder fiber series, the crystallization behavior of PE was measured. 
Approximately 5mg samples were first heated under nitrogen atmosphere (at a flow rate 
of 200ml/min) at 150°C for 10 minutes to make sure the PE component of the binder 
fiber was fully melted, and then cooled to 50°C at a cooling rate of 10°C/min. For the 
cotton and Eastar/PP binder fiber series, the crystallization behavior of PP was recorded. 
Approximately 5mg samples were first heated under a nitrogen atmosphere (at a flow rate 
of 200ml/min) at 180°C for 10 minutes to make sure the PP component of the binder 
fiber was fully melted, and then cooled to 50°C at a cooling rate of 10°C/min.   
 
§3.4.3 Basis Weight 
Basis weights of the nonwoven fabrics were determined according to INDA 
Standard Test 130.1-92 Standard Test Method for the Mass Per Unit Area of Nonwoven 
Fabrics.   
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§3.4.4 Stiffness 
Stiffness of the fabrics was determined according to ASTM D 1388 – 64 Standard 
Test Method.  Five 1”×10” specimens were cut along the machine direction for each 
sample and each test specimen was measured with four readings on each end of both 
sides.  The test result is expressed as flexural rigidity (G), a measure of the interaction 
between weight and stiffness, G was calculated using the following equation:  
 
G = 9.809 × 10-6 M c3 (µN.m)                                                (3.1) 
 
where M is the fabric mass per unit area (g/m2), and c is the bending length which is 
calculated as half of the overhang length (mm).    
 
§3.4.5 Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) images were obtained for the bonded 
fabrics and ruptured specimens using a Hitachi S - 3500 N Scanning Electron 
Microscope. To avoid the charging problem of the nonconductive fabric samples, back-
scattered electrons were used to capture the images. The sample chamber was controlled 
under low pressure to decrease the charging problem.  
 
§3.4.6 Absorbency 
Absorbency of the fabrics was tested using the Sherwood ATS-600 optical 
Absorbency Testing System (ATS). The instrument was designed for sophisticated 
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absorption and desorption rate and capacity measurements based on time and the amount 
of fluid displaced from the fluid reservoir. A directional flow plate and distilled water 
were used. A “slope” limited test was selected as the mode of operation. Tests were 
carried out at an absorption slope of 0.005 grams per 5 seconds or 0.005 grams per 20 
seconds. When the flow rate drops below the specified setting, the instrument will stop 
the test and transfer the data to the computer. Absorption, absorption rate and directional 
flow rate were reported. Three 2” ×2” specimens were cut along the cross direction for 
each sample. The reported absorption curve is the average among the three specimens.  
 
§3.4.7 Contact Angle 
Contact Angle of the single fiber was measured by a Krüss Processor 
Tensiometer, K121 Dynamic Contact Angle and Adsorption Measuring System. Water 
was selected as the test liquid. Immersion length was set at 1mm for all the fibers in order 
to avoid the effect of crimps of the binder fiber. Sensitivity of all the tests was set at 
0.0001 gram due to the small cross section area and lightweight of a single fiber. The 
reported contact angle value is an average of six fibers for each sample. 
 
§3.4.8 Disperse Dyeing 
Disperse dyeing was applied to cotton/Eastar webs to qualitatively study the 
Eastar binder fiber distribution in the webs using a TEXOMAT dyeing machine (AHIBA 
AG Lalorapparate, Chemie, Textile). The dye solution was prepared in 1-liter volumetric 
flasks using 50ml Terasil Blue and 50ml Direct Blue. Both of the solutions have a 
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concentration of 2grams/liter. CIBA-GEIGY Terasil Blue R and CIBA-GEIGY Direct 
Blue B were used as the solutes, respectively. The cut webs were first wetted with 0.1% 
solution of Triton X-100. Then 165ml distilled water, 30ml Triton X-100 solution (5%), 
and 30ml Irgacarrier OSD (5%) were added to the dyeing beaker. The bath temperature 
was first raised to 110°F. The wet-out webs were entered and run 10 to 20 minutes at 
110°F. Add total of 100ml of the predissolved dye solution. The bath temperature was 
elevated to 212°F and dyed for 30 minutes. A 25ml sodium chloride solution (8%) was 
added. The bath temperature was then cooled to 170°F for 30 minutes. 
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Chapter 4  
 
 
 
RESULTS AND 
DISCUSSIONS 
 
 
§4.1  FIBER PROPERTIES 
The physical properties of all the fibers used in this research are listed in Table 
4.1. It is worth noticing that the peak extension of Eastar unicomponent (Eastar) fiber is 
much higher than that of cotton fiber, while the initial modulus of Eastar unicomponent 
fiber is much lower than that of cotton fiber. This is clearly observed in Figure 4.1, which 
is the illustration of the load-elongation curves of the selected fibers. It can be seen from 
Figure 4.1 that Eastar/PP and PE/PET binder fibers have a concave-down shaped curve. 
Based on Chidambaram’s observations [41] these two binder fibers should be better 
choices when load sharing is considered.  
The DSC traces of PCA, PE/PET, Eastar, and Eastar/PP binder fibers are shown 
in Figure 4.2. It is obvious that the softening temperature of PCA is around 150°C, which 
is lower compared to that of OCA (which has a softening temperature in the range of 
180-205˚C) [3] by adding the plasticizer. A plasticizer is a chemical added to 
polymers/resins to reduce rigidity and to improve processability by penetrating to the 
noncrystalline area of the polymer, by breaking the interactive forces between polymer  
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Table 4.1    Properties of selected fibers (Single filaments). 
 Cotton OCA PCA Eastar Eastar/PP PE/PET 
Filament 
density 
(g/cm3) 
1.50 1.3 1.30 1.20 1.10 0.95 
Filament 
denier 
(denier) 
2.20 1.1 2.90 4.00 4.00 3.00 
Filament 
tenacity 
(g/denier) 
1.83 1.2 1.32 1.58 2.18 3.42 
Peak load 
(gram) 
4.02 1.3 3.83 6.31 8.73 10.25 
Peak 
extension 
(%) 
7.81 25 50.63 296.06 148.66 62.0 
Staple 
length 
(inches) 
0.96* 1.7 1.80 1.0 1.50 1.50 
Crimps 
(/inch) 
*** more 13 Not 
Measur-
able 
11 18 
Softening 
temperature 
(°C) 
- ~190 ~110 ~80 ~80** ~110** 
Contact 
angle 
(°) 
31.90 - 43.04 56.75 63.02 85.43 
* upper-half-mean fiber length 
** softening temperature of sheath 
*** cotton has natural convolution 
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Figure 4.1 Load-elongation curves of selected fibers. 
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(a) PCA and PE/PET binder fibers 
 
(b) Eastar and Eastar/PP binder fibers 
Figure 4.2 Thermal behaviors of the binder fibers. 
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molecules and by replacing polymer molecule interactions with polymer-plasticizer 
interactions. The result increases the segmental mobility of the polymer that leads to 
molecular relaxation, and to lowering the glass transition temperature (Tg) and/or melt 
temperature (Tm). A strong sharp PE peak is found in the PE/PET binder fiber, indicating 
the high crystallinity and the relatively uniform crystal sizes of the PE component. 
 Eastar unicomponent fiber shows a broad melting endotherm around 110°C. The 
Eastar/PP shows a strong peak for PP, which is broad and double melting and different 
than typical PP. This is probably due to the crystal size distribution in the PP component. 
The Eastar component in the bicomponent fiber also shows a broad endotherm.  
Surface properties of the binder fibers are important in both web preparation and 
in subsequent bonding. Binder fibers interact with the fiber network during bonding. The 
strength of the fabric is affected by the strength of the interface. According to the contact 
angle values listed in Table 4.1, it seems that Eastar and Eastar/PP binder fibers, which 
have lower contact angle values, may have better wettability than PE/PET binder fiber. 
When the contact angle is greater than 90°, it is called “Non-wetting”; while the contact 
angle is less than 90°, it is called “Wetting”. Therefore, the smaller the contact angle the 
better the wettability. 
 
§4.2 STRUCTURE OF THE BIODEGRADABLE NONWOVENS 
§4.2.1    Bonding Structure 
Since all the nonwoven fabrics were carded and then thermally point-bonded 
using the same thermal calendering machine, the bond pattern of all the fabrics are 
similar with diamond shaped bond points as shown in Figure 4.3. The bond structures at  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Optical micrograph showing the typical bonding pattern  
of cotton-based nonwovens. 
 45
 46
different bonding temperatures and binder fiber contents are illustrated in the following 
sections. 
 
§4.2.1.1 Effect of bonding temperature 
The effect of bonding temperature on the bond structure was observed. Figure 4.4 
shows the bond structure of cotton/Eastar nonwovens with the binder fiber content of 
30% and basis weight around 80g/m2. Figure 4.5 shows the bond structure of 
cotton/(Eastar/PP) nonwovens with the blend ratio of 70/30 and basis weight around 
40g/m2. It is found that with an increase in the bonding temperature, the shape of the 
bond becomes well-developed and the surface of the bond points becomes smoother. The 
regular shape of the bond points and smooth surface of the fabrics bonded at high 
bonding temperature show the well-developed bond structure, as shown in Figure 4.4(b) 
and Figure 4.5 (b, c). More binder fibers within an embossed region become soft and melt 
at the higher bonding temperatures. The molten part of the binder fiber acts as the bridge, 
which adheres the cores of the binder fibers and/or the carrier fibers together. Thus, better 
adhesion is expected at higher bonding temperatures.   
For further analysis of the effect of bonding temperature, the bond points were 
observed at higher magnifications and the cross sections of the bond points were also 
studied. Figure 4.6 (a) illustrates part of the bond point at higher magnification (x 500) 
for cotton/(PE/PET) at a blend ration of 70/30. The fluffy transparent top layer is the PE 
sheath that melted and bonded the carrier fibers and/or the PET cores together, showing 
the good adhesion between the binder fibers and the carrier fibers, and between the  
  
 
 
 
 
 
 
 
    
(a) Bonding temperature = 100°C                  (b) Bonding temperature = 120°C 
Figure 4.4 Bond points for cotton/Eastar=70/30 with basis weight of 80gsm. 
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(a) Bonding temperature = 100°C              (b) Bonding temperature = 110°C    
    
(c) Bonding temperature = 120°C    
Figure 4.5 Bond points for cotton/(Eastar/PP)=70/30 with basis weight of 40gsm. 
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(a) Cotton/(PE/PET) = 70/30 web, bonded at 130°C 
 
(b) 100% PE/PET web, bonded at 120°C 
Figure 4.6 Adhesion at the bond point (40gsm). 
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binder fibers themselves at the bond points. The fibers at the bond points were deformed 
during the thermal calendering process; thus, it is hard to differentiate between the binder 
fiber cores and the carrier cotton fibers. The good adhesion among binder fibers 
themselves and the deformed binder fiber cores can be seen from Figure 4.6 (b) from the 
bond point of the web made of 100% binder fibers. The cross-sections of the bond points 
for cotton/(Eastar/PP) webs with a binder fiber content of 50%, but bonded at different 
temperatures of 100°C are 120°C, are shown in Figure 4.7. It is apparent that the melted 
Eastar binder fiber sheath penetrated into the carrier fiber networks and bonded the 
carrier fibers and the cores of the binder fibers together to form a well-developed bond 
structure. Also, it was observed that the cores of the binder fibers were deformed from 
round to oval shape by the thermal bonding process.  
 
 
     
 (a) Bonding temperature = 100°C                 (b) Bonding temperature = 110°C 
Figure 4.7 Cross-sections of bond points for cotton/(Eastar/PP)=50/50 webs (40gsm). 
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§4.2.1.2 Effect of binder fiber content 
The effect of the binder fiber content on the bond structure was also investigated. 
Figure 4.8 shows the bond structure of cotton/(Eastar/PP) nonwovens, which have a basis 
weight around 40g/m2 and bonded at 100°C. It is clear that when the bonding temperature 
is sufficient, the shape of the bond becomes well-developed and the bond point becomes 
more film like with the increase in the binder fiber content. The reason is that more 
binder fibers are involved in the bonding with the increase of the binder fiber content, 
leading to the increases in the number of bond points and the effective bond areas. That 
is, there is more binder fiber melt in a single bond point. 
 
§4.2.2    Failure Analysis 
The fracture structures of cotton/Eastar, cotton/(Eastar/PP), and cotton/(PE/PET), 
with 50% binder fiber content and thermally bonded at different temperatures, are shown 
in Figure 4.9 – 4.11. It is found that the fractures for cotton/Eastar webs are generally 
brittle. This may result from the weak bonds caused by the non-uniform Eastar binder 
fiber distribution, which is discussed in section 4.3.3 and the different tensile properties 
of Eastar and cotton fibers. Eastar fiber has very high elongation (is 295%) compared to 
cotton (is 8%), which may lead to inhomogeneous load-sharing during the failure. The 
fractures of cotton/(Eastar/PP) webs is not as brittle as those of cotton/Eastar webs; 
however, the webs are not as ductile as that of cotton/(PE/PET) webs, indicating better 
load sharing in the later fabrics. According to Chidambaram’s finding [41], fibers with a 
concave-down stress-strain curves are better for thermally bonded nonwovens when 
  
 
 
 
    
(a) Eastar/PP = 30%                                         (b) Eastar/PP = 50%   
 
(c) Eastar/PP = 100% 
Figure 4.8 Bond points for cotton/(Eastar/PP), bonded at 100°C (40gsm). 
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                       (a) bonded at 100°C    (b) bonded at 110°C     (c) bonded at 120°C 
Figure 4.9 Fracture of cotton/Eastar fabrics after tensile test (40gsm). 
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                       (a) bonded at 100°C    (b) bonded at 110°C     (c) bonded at 120°C 
Figure 4.10 Fracture of cotton/(Eastar/PP) fabrics after tensile test (40gsm). 
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(a) bonded at 120°C (b) bonded at 130°C (c) bonded at 140°C 
Figure 4.11 Fracture of cotton/(PE/PET) fabrics after tensile test (40gsm). 
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load sharing is considered important. Our observation is consistent with his finding. Both 
Eastar/PP and PE/PET binder fibers have prominent concave-down stress-strain curves as 
shown in Figure 4.1. As a result, these fabrics stretch a lot more before failure (details in 
section 4.4), with a ductile failure mechanism. 
Failure of nonwoven fabrics can occur by fiber breakage, binder breakage or 
cohesive failure or at the fiber-binder bonding interface, or by a combination of these 
modes. The interaction of component properties, structures, and fabric deformation 
mechanisms can lead to a variety of unique failure mechanisms for nonwoven fabrics. 
The nonwoven fabric failure mechanism is influenced by the fiber physical properties, 
binder properties, and structural properties including the relative frequency and structure 
of the bonding elements, fiber orientation, and the degree of liberty of movement of the 
fibers between the bond points.  
In order to analyze the failure mechanism, the failure structures of nonwoven 
fabrics were observed. Figure 4.12 shows the failure structures of cotton/Eastar high basis 
weight webs, around 80g/m2. Both the fabrics were bonded at a high temperature of 
120°C but with different binder fractions. The failure mechanism of the fabric of a lower 
binder fiber content of 30% (Figure 4.12(a)) is observed to be the loss of interfacial 
adhesion at the bond site leading to the bond disintegration. The failure mechanism of the 
fabric of a higher binder fiber content of 50% as shown in Figure 4.12(b) is the result of 
the cohesive failure of the fibers in the bond point and/or near the bond periphery due to 
the loss of fiber integrity and formation of film-like spots at high temperatures, as well as 
the reduction in load transfer from fibers to film [43, 44].  
         
(a) Cotton/Eastar = 70/30                                (b) Cotton/Eastar = 50/50 
Figure 4.12 Failure structures of cotton/Eastar webs bonded at 120°C (80gsm). 
 
Similar observations can be found for webs at the same binder fiber fraction but 
different bonding temperatures. Figure 4.13 shows the failure structures of 
cotton/(Eastar/PP) low basis weight webs, around 40g/m2. Both the fabrics have the same 
binder content of 30% but bonded at different temperatures. The failure mechanism of the 
fabric bonded at a lower bonding temperature of 100°C as shown in Figure 4.13(a) was 
found to be the loss of interfacial adhesion at the bond site leading to bond disintegration. 
On the other hand, the failure mechanism of the fabric bonded at a higher bonding 
temperature of 120°C as shown in Figure 4.13(b) is the result of the cohesive failure of 
the fibers in the bond point and/or near the bond periphery. These observations are 
consistent with those of Gibson and McGill [45], who studied the failure mechanism of 
thermal point-bonded polyester nonwovens as a function of the bonding temperature. 
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(a) Bonded at 100°C                                    (b) Bonded at 120°C 
Figure 4.13 Failure structures of cotton/(Eastar/PP)=70/30 webs after tensile test 
(40gsm). 
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§4.2.3    Binder Fiber Distribution 
§4.2.3.1    Qualitative Description 
4.2.3.1.1 Cotton/Eastar low basis weight webs  
Carding is the basic process in the production of nonwoven fabrics. One 
shortcoming of the carding process is that the carded webs always have areal 
irregularities of mass distribution caused by machine variables, fiber properties and area 
irregularities of the fed fiber matt [22]. Besides, there is always some weight loss during 
the carding process. This fiber loss may be caused by flying fibers and by sticking of 
fibers on the cleaning rollers. Or as a result of the selected carrier and/or binder fiber 
distribution. Longer fibers are picked up with higher probability than the shorter ones, 
due to some fibers sticking on the metal wires and/or collected by the cleaning roller.  
Large weight loss was observed in the carding process for cotton/Eastar webs 
with a basis weight around 40g/m2, as shown in Table 4.2. It was found that the weight 
losses are relatively high for all the three binder contents. For the web with a binder fiber 
content of 50%, the weight loss was as high as 44%. The weight loss during carding 
increases with the increase of Eastar binder fiber content. This indicates that Eastar 
binder fiber is not suited for the carding process. Several factors may affect the resulting 
carded webs. From the point of the fiber properties, the influential factors may be staple 
length, crimps, fiber stiffness, spin finishes applied to the fibers, fiber surface roughness, 
fiber tensile properties, and fiber crystallinity and orientation. From the point of carding 
machines, both settings of the carding elements and conditions of the card clothing may 
have an effect.  
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Table 4.2 Weight loss during carding for cotton/Eastar webs. 
Blend ratio Basis weight Weight loss 
Cotton/Eastar = 85/15 40g/m2 23.5% 
Cotton/Eastar = 70/30 40g/m2 33.4% 
Cotton/Eastar = 50/50 40g/m2 44.0% 
 
According to Table 4.1, Eastar binder fiber has lower staple length, hardly any 
crimps, and high peak extension. All these factors may be responsible for the poor 
carding processability. Disperse dyeing was used to further observe Eastar binder fiber 
distribution in the carded webs. It was also observed that the Eastar binder fibers are not 
uniformly distributed in the webs, as shown in Figure 4.14. The white areas indicate that 
there is no binder fiber there, while the blue lines indicate the existence of Eastar fiber 
bundles. 
 
4.2.3.1.2 Cotton/Eastar high basis weight webs  
High basis weight cotton/Eastar webs were produced to reduce the weight loss 
during the carding process. However, high weight loss was also observed in the carding 
for the high basis weight cotton/Eastar webs, as shown in Table 4.3, although the weight 
loss was lower compared with the low basis weight cotton/Eastar webs (Table 4.2). The 
pictures of high basis weight webs after disperse dyeing (Figure 4.15) show that the 
cotton/Eastar webs are not uniform in binder fibers distribution. Bundles of binder fibers  
  
 
 
 
 
     
(a) 15% Eastar                (b) 30% Eastar                            (c) 50% Eastar 
Figure 4.14 Binder fiber distribution in low basis weight cotton/Eastar webs 
(40gsm). 
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Table 4.3 Weight loss during carding for high basis weight cotton/Eastar webs. 
Blend ratio Basis weight Weight loss 
Cotton/Eastar = 85/15 80g/m2 18.1% 
Cotton/Eastar = 70/30 80g/m2 24.9% 
Cotton/Eastar = 50/50 80g/m2 32.3% 
 
 
         
(a) 15% Eastar                                           (b) 30% Eastar 
Figure 4.15 Binder fiber distribution in high basis weight cotton/Eastar webs 
(80gsm). 
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can be seen from these pictures. These bundles of the binder filaments can be seen more 
clearly by SEM pictures, as shown in Figure 4.16. The round circular shaped fibers in the 
fiber bundles are Eastar binder fibers and the ribbon like structure is that of cotton fibers. 
Again, the results indicate that Eastar fiber is not suitable for the carding process.   
As we know, stiffer fibers are preferred for the carding process. One disadvantage 
in using Eastar unicomponent as-spun fiber in the carding process is that it is hard to get 
the binder fibers well-distributed due to the high elasticity (high peak extension of 296% 
as shown in Table 4.1) and low crimps of the binder fiber, thereby leading to low tensile 
properties of the final nonwoven fabrics. 
 
     
 
Figure 4.16 Binder fiber distribution in high basis weight cotton/Eastar=70/30 webs 
(80gsm). 
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 4.2.3.1.3 Cotton/(Eastar/PP) low basis weight webs 
Eastar/PP bicomponent fiber with Eastar Bio® GP copolyester as the sheath and 
polypropylene as the stiffer core was further selected as the binder fiber instead of Eastar 
unicomponent fiber to improve the stiffness of the fiber. This bicomponent binder fiber 
has higher tenacity, higher crimp, higher staple length, and lower peak extension 
compared to Eastar homopolymer binder fiber (Table 4.1). These properties are preferred 
for the carding process. Distribution of Eastar/PP binder fibers in the resulting webs was 
also observed under SEM. The round shape fiber is Eastar/PP binder fiber and the ribbon 
like structure denotes cotton fibers. It can be seen that the binder fibers are well-
distributed in the webs, as shown in Figure 4.17.  
 
 
 
 
 
 
 
 
(a) Cotton/(Eastar/PP) = 70/30                      (b) Cotton/(Eastar/PP) = 50/50 
Figure 4.17 Binder fiber distribution in low basis weight cotton/(Easter/PP) webs 
(40gsm). 
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4.2.3.1.4 Cotton/(PE/PET) low basis weight webs 
The binder fiber distribution in the control fabric was also observed under SEM. 
Figure 4.18 shows that PE/PET binder fiber is distributed more uniformly in the web. The 
round circular shapes are the PE/PET binder fibers, while the ribbon like fibers are cotton 
fibers. This is the combined result of the high crimps, high strength, and low elongation 
of the PE/PET binder fiber. 
 
§4.2.3.2    Quantitative Description  
Although the binder fiber distribution can be qualitatively determined by either 
dyeing the binder fibers and observing the fabrics under microscopy, or by observing the 
different shape of the binder fibers under scanning electronic microscopy (SEM), there is 
almost no reporting of a practical method that can be used to quantitatively characterize 
 
 
Figure 4.18 Binder fiber distribution in cotton/(PE/PET)=70/30 web (40gsm). 
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the binder fiber distribution of the webs. Differential scanning calorimetry (DSC) can be 
used to measure the heat flow to and from the sample as a function of temperature. 
Various material characteristics can be determined from these data, including oxidative 
stability, purity, and polymorphism. Chemical reactions, melting behavior, and the 
temperature evolution of the specific heat can also be investigated [61-63]. DSC was used 
to determine the weight/weight concentration of the binder fiber in the thermally point-
bonded carded cotton/(Eastar/PP) and cotton/(PE/PET) webs. Thus, the uniformity of the 
binder fiber distribution of the carded webs was evaluated by taking several 
measurements of specific enthalpy of cooling across the width of the web.  
The weight/weight concentration of the samples was obtained by calculating the 
ratio of the specific enthalpy of cooling for a certain web to the specific enthalpy of 
cooling for 100% binder fiber.  
 
4.2.3.2.1 Evaluation Of DSC Characterization Method 
To evaluate the accuracy and reliability of DSC measurement, first binder fiber 
and cotton fiber were manually blended at different weight percentages of 100%, 50%, 
40%, 30%, 20%, and 10%. Each of the concentrations was studied at least three times 
under the same conditions so that the standard deviation (σ) and the coefficient of 
variation (C.V.) could be obtained. Figure 4.19 (a, b) illustrate the DSC traces of 100% 
contents of the two binder fibers, while Figure 4.20 (a, b) show the DSC traces of the 
blends at different binder fiber contents.  
  
 
(a) PE/PET binder fiber 
 
(b) Eastar/PP binder fiber 
Figure 4.19 DSC traces of 100% binder fibers. 
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(a) Cotton/(PE/PET) Blends 
 
(b) Cotton/(Eastar/PP) Blends 
Figure 4.20 DSC traces of the blends. 
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The specific heat (∆H/g) for the samples with 100% binder fibers were considered 
here as “Actual” as well as “Observed” for the evaluation. Subsequently, the “Observed” 
specific heat for the other contents was calculated by the areas under the DSC exothermic 
peaks. Any error that occurred would be overcome by the conversion factor of gram 
(1000mg), because the sample was taken at the milligram level for the DSC study. Then 
the “Observed” weight/weight concentration of the samples was obtained by calculating 
the ratio of the specific heat at certain content with the specific heat for 100 % binder 
fiber. Parameters obtained from the DSC measurements for the two different binder fiber 
series are summarized in Tables 4.4 and 4.5. 
Since PE is the only component melted and crystallized during the measurement 
of cotton/(PE/PET) blends, there is no obvious effect of the cotton component on the 
crystallization behavior of PE. This can be verified by the near constant onset 
crystallization temperatures and the peak crystallization temperatures under different 
PE/PET contents (Table 4.4). In the case of cotton/(Eastar/PP) blends where both the 
components (Eastar and PP) in the binder fiber melted and crystallized, the presence of 
Eastar component does not affect on the primary nucleation and crystallization of the PP 
component, since the onset and peak crystallization temperatures of PP are almost stable 
for different Eastar/PP contents of cotton/(Eastar/PP) blends as shown by the data in 
Table 4.5. Therefore, there is no miscibility problem for both the blend series. According 
to the data in Tables 4.4 and 4.5, the “observed” binder fiber contents fit well with the 
“actual” binder fiber contents, with a variation of ± 1%. 
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Table 4.4 Parameters obtained from DSC for cotton/(PE/PET) blends. 
“Actual” 
PE/PET 
(%) 
To,c =Tc
(°C) 
Tp,c 
(°C) 
∆Hc 
(J/g) 
Ave.  
∆Hc 
(J/g) 
σ 
( ∆Hc) 
C.V. Observed 
PE/PET 
(%) 
119.17 116.75 89.49 
119.14 117.11 92.71 
 
100 
 119.15 117.28 88.40 
 
90.20 
 
2.241 
 
0.025 
 
100 
118.93 117.32 44.46 
119.04 117.30 43.28 
 
50 
118.93 117.26 44.94 
 
44.23 
 
0.854 
 
0.019 
 
49.04 
118.95 117.23 36.89 
118.71 117.06 34.80 
 
40 
118.73 117.05 35.72 
 
35.80 
 
1.047 
 
0.029 
 
39.69 
118.64 117.06 26.50 
118.69 117.05 26.07 
 
30 
118.55 117.04 26.36 
 
26.31 
 
0.219 
 
0.008 
 
29.17 
118.66 116.96 17.66 
118.78 117.12 17.24 
 
20 
118.69 116.39 17.36 
 
17.42 
 
0.216 
 
0.012 
 
19.31 
118.26 116.53 8.38 
118.08 116.18 8.36 
 
10 
118.29 116.39 8.18 
 
8.31 
 
0.110 
 
0.013 
 
9.21 
Note: “T” is temperature, “c” is cooling or crystallizing, “o” is onset, “p” is peak, “∆Hc” is the specific 
enthalpy for PE exothermic peak. 
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Table 4.5 Parameters obtained from DSC for cotton/(Eastar/PP) blends. 
Actual 
Eastar/PP 
(%) 
To,c =Tc
(°C) 
Tp,c 
(°C) 
∆Hc 
(J/g) 
Ave. 
 ∆Hc 
(J/g) 
σ 
( ∆Hc) 
C.V. Observed 
Eastar/PP 
(%) 
121.69 116.68 28.09 
122.77 117.10 26.89 
 
100 
 122.10 116.61 28.87 
 
27.95 
 
0.997 
 
0.036 
 
100 
123.28 117.86 13.20 
122.41 117.03 13.51 
 
50 
122.07 116.67 14.35 
 
13.69 
 
0.595 
 
0.043 
 
48.98 
121.81 116.68 11.39 
121.67 115.83 10.59 
 
40 
121.57 115.82 11.48 
 
11.15 
 
0.490 
 
0.044 
 
39.89 
121.51 116.00 8.34 
121.77 116.83 7.94 
 
30 
122.15 117.32 8.70 
 
8.33 
 
0.38 
 
0.046 
 
29.79 
121.83 117.30 6.13 
122.55 117.46 5.54 
 
20 
122.79 117.62 5.44 
 
5.70 
 
0.373 
 
0.065 
 
20.39 
121.93 117.18 2.66 
120.47 115.44 3.06 
 
10 
121.71 116.76 2.72 
 
2.81 
 
0.216 
 
0.077 
 
10.05 
Note: “T” is temperature, “c” is cooling or crystallizing, “o” is onset, “p” is peak, “∆Hc” is the specific 
enthalpy for PP exothermic peak. 
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The DSC measured specific enthalpy (∆Hc) versus binder fiber weight 
concentration for the two binder fiber series are plotted in Figure 4.21(a) and 4.21(b), 
respectively. The regression lines fit both the binder fibers almost perfectly, with 
regression coefficients of 0.99997 and 0.99987 for PE/PET binder fiber and Eastar/PP 
binder fiber, respectively. Based on this analysis, it is clear that DSC specific enthalpy 
from crystallization of one of the binder fiber components in the cotton/binder blend 
series can be used to estimate binder fiber content in the samples. 
 
4.2.3.2.3 Binder Fiber Distribution Of Carded Nonwovens 
In order to describe the binder distribution in the webs, five different positions 
across the webs were selected as shown in Figure 4.22 at each binder 
content/composition. Parameters obtained from the DSC measurements for the two 
different carded nonwoven fabric series are summarized in Tables 4.6 and 4.7. Although 
the “observed” average binder fiber content is close to the “actual” binder fiber content 
along cross direction for both the nonwoven series, high variation and C.V. of the binder 
fiber contents existed in some of the webs for both the carded nonwoven series as shown 
in Figure 4.23 (a, b). Therefore, we can say that binder fibers were not well-distributed in 
those nonwoven fabrics. Apparently, the variation is much higher for nonwovens of the 
lower(est) binder fiber contents.  
Since high variation and C.V. of the binder fiber contents existed in both of the 
carded nonwoven series according to DSC measurement results, we can conclude that 
binder fibers were poorly distributed in the webs. 
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 (b) Eastar/PP binder fiber 
Figure 4.21 DSC measured enthalpy vs. binder fiber weight content. 
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Figure 4.22 Schematic illustration of sample selection for nonwoven fabrics. 
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Table 4.6 Parameters obtained from DSC for cotton/(PE/PET) nonwovens. 
Actual 
PE/PET 
(%) 
To,c =Tc  
(°C) 
Tp,c 
 (°C) 
∆Hc 
 (J/g) 
Observed 
PE/PET 
(%) 
Average
PE/PET 
(%) 
σ 
 
C.V. 
118.84 117.24 59.00 65.41 
118.82 117.15 52.45 58.15 
118.80 117.28 42.29 46.88 
118.68 116.92 49.17 54.51 
 
 
50 
118.64 116.83 30.86 34.21 
 
 
51.83 
 
 
11.9 
 
 
0.230 
118.71 117.19 28.23 31.30 
118.68 117.17 26.82 29.73 
118.73 117.21 33.15 36.75 
118.49 116.94 18.00 19.96 
 
 
30 
118.58 116.94 19.40 21.51 
 
 
27.85 
 
 
7.02 
 
 
0.252 
118.65 117.01 20.63 22.87 
118.46 116.82 17.82 19.76 
118.40 116.87 6.87 7.62 
118.56 117.06 11.37 12.61 
 
 
15 
118.51 117.01 8.33 9.24 
 
 
14.42 
 
 
 
6.64 
 
 
0.460 
Note: “Actual” PE/PET (%) is the input % for the carding process, “T” is temperature, “c” is cooling or 
crystallizing, “o” is onset, “p” is peak, “∆Hc” is the specific enthalpy for PE exothermic peak. 
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Table 4.7 Parameters obtained from DSC for cotton/(Eastar/PP) nonwovens. 
Actual 
Eastar/PP 
(%) 
To,c =Tc  
(°C) 
Tp,c 
 (°C) 
∆Hc 
 (J/g) 
Observed 
Eastar/PP 
(%) 
Average
Eastar/PP 
(%) 
σ 
 
C.V. 
121.50 117.06 13.87 49.62 
121.33 116.88 13.98 50.02 
121.14 116.71 14.26 51.02 
121.23 116.31 12.65 45.26 
 
 
50 
120.64 115.95 11.65 41.68 
 
 
47.52 
 
 
3.97 
 
 
0.083 
120.71 116.52 10.67 38.18 
120.65 116.50 7.60 27.19 
121.27 116.84 8.55 30.59 
120.21 116.29 7.53 26.94 
 
 
30 
120.74 116.62 9.10 32.56 
 
 
31.09 
 
 
4.61 
 
 
0.148 
123.02 118.80 5.47 19.57 
123.16 119.13 4.35 15.56 
122.89 118.79 3.30 11.81 
122.93 118.75 4.48 16.03 
 
 
15 
122.99 118.89 1.93 6.91 
 
 
13.98 
 
 
4.81 
 
 
0.344 
Note: “Actual” Eastar/PP (%) is the input % for the carding process, “T” is temperature, “c” is cooling or 
crystallizing, “o” is onset, “p” is peak, “∆Hc” is the specific enthalpy for PP exothermic peak. 
 
 
 
 
  
(a) Cotton/(PE/PET) nonwovens 
 
(b) Cotton/(Eastar/PP) nonwovens 
Figure 4.23 Binder fiber distribution along cross direction. 
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§4.3 PROPERTIES OF THE BIODEGRADABLE NONWOVENS 
§4.3.1 Tensile Strength  
§4.3.1.1 Cotton/CA Nonwovens 
In this part of the research, water and/or plasticized cellulose acetate were used 
instead of acetone solvent pre-treatment used in the previous study [11] for 
cotton/cellulose acetate nonwovens to decrease the softening temperature and to further 
lower the calendering temperature. The effect of water dip-nip treatment, plasticizer 
(binder type), binder fiber content, and bonding temperature on the tensile strength of the 
fabrics was studied. The peak load values for all the combinations are listed in Table 4.8. 
The effect of water dip-nip treatment can be clearly observed. The peak loads of 
cotton/OCA webs at the two different blend ratios are increased to different degrees 
compared with those without treatment. Therefore, water dip-nip treatment can be 
applied to cotton/OCA webs to improve the fabric strength. Comparing the effect of 
water dip-nip treatment with acetone solvent treatment, it can be found that there is no 
significant difference between water dip-nip treatment and 20% acetone solvent 
treatment, and peak loads of cotton/cellulose acetate thermally bonded webs are increased 
by both the treatments.  Thus, there is conclusive evidence that water can be used as the 
external plasticizer instead of 20% acetone solvent without compromising web strength, 
and the process is environmentally friendly.   
From the point of energy concern, it is better to make the whole process as simple 
as possible. This is the purpose of selecting plasticized cellulose acetate fiber, in which an  
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Table 4.8 Peak loads for cotton/cellulose nonwovens (40gsm) (kg). 
 Bonding 
Temperature 
(°C) 
Binder 
content 
25% 
Binder 
content 
50% 
150 0.10 0.03 
170 0.09 0.03 
Cotton/OCA 
(No treatment) 
190 0.09 0.09 
150 0.21 0.25 
170 0.37 0.44 
Cotton/OCA 
(With water dip-nip 
treatment) 190 0.81 0.77 
150 0.21 0.20 
170 0.34 0.47 
Cotton/OCA 
(With 20% acetone 
solvent treatment) 190 0.69 0.65 
150 0.17 0.25 
170 0.33 0.42 
Cotton/PCA 
(No treatment) 
190 0.63 0.90 
150 0.52 0.57 
170 0.80 0.86 
Cotton/PCA 
(With water dip-nip 
treatment) 190 0.81 0.87 
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internal plasticizer was added during fiber manufacture to lower the softening 
temperature of ordinary cellulose acetate fiber and to further lower the bonding 
temperature during the thermal calendering process is a good alternative. It can be clearly 
seen from Table 4.8 that peak loads have been improved by using PCA instead of OCA, 
especially at higher bonding temperatures. Further comparison of external plasticizer 
(water) and internal plasticizer shows that there is no significant difference between the 
two plasticizers. Thus, it is clear that internal plasticizer (PCA) can be used in place of 
the external plasticizer (water) without compromising web strength and the process is 
more economical. Based on the above analysis, it seems that the optimal bonding 
temperature is 190°C either for cotton/OCA with water dip-nip treatment at both blend 
ratios. 
The combination effect of both the external plasticizer (water) and the internal 
plasticizer can also be observed based on the data in Table 4.8. The peak loads of the 
fabrics can be improved for both the contents under the three bonding temperatures. In 
this case, the peak loads at the lowest bonding temperature 150°C is close to those of the 
fabrics using internal or external plasticizer separately. However, we need to consider the 
energy cost at higher bonding temperature with the more extensive processing procedure 
at a lower bonding temperature to make the best choice of processing implementation. 
The overall strengths of cotton/cellulose acetate webs are lower in comparison 
with those of the control cotton/(PE/PET) webs in the next section. The low strength may 
come from the low strength of the cellulose acetate fibers and the elongation variability 
of the cellulose binder fibers and the carrier fibers (cotton fibers) as shown in Table 4.1. 
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§4.3.1.2 Cotton/(PE/PET) Nonwovens  
Bicomponent PE/PET fiber was selected as the binder fiber for the control group 
since the resulting fabrics have excellent tensile strength. The peak loads of the 
cotton/(PE/PET) nonwovens are shown in Table 4.9 and Figure 4.24. All the tested 
fabrics had the same basis weight around 40g/m2.  
The graph shows that the optimal peak load of cotton/(PE/PET) nonwovens is as 
high as 2.29kg at the PE/PET binder fiber content of 50% and bonding temperature 
around 130°C. It can be clearly seen that 110°C is too low to get the webs bonded 
effectively since the strength of the fabrics bonded at that temperature is too low and does 
not change much with the increase of the binder fiber content. The high strength of 
cotton/(PE/PET) fabrics may be the result of the high strength of PE/PET binder fiber as 
shown in Table 4.1, good adhesion between the binder fiber and carrier fiber (cotton 
fiber) as shown in Figure 4.6(a), and the excellent load sharing properties as shown in 
Figure 4.11.  
 
§4.3.1.3 Cotton/Eastar Nonwovens 
In this segment, the effects of bonding temperature and blend ratio on fabric 
strength of contton/Eastar nonwovens were studied. And effect of binder fiber 
distribution on the web strength was also analyzed. 
 Table 4.9 Peak loads for cotton/(PE/PET) nonwovens (40gsm) (kg). 
Bonding Temperature 
(°C) 
Binder content 
15% 
Binder content 
30% 
Binder content 
50% 
110 0.12 0.11 0.09 
120 0.21 0.29 0.54 
130 0.28 0.85 2.29 
140 0.39 0.57 1.56 
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Figure 4.24 Peak loads of cotton/(PE/PET) nonwovens (40gsm). 
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 4.3.1.3.1 Low basis weight cotton/Eastar nonwovens 
To achieve good properties with the retention of optimum hand/feel in the final 
fabric, it is essential that the surface temperature of the calender rolls be selected 
appropriately. The effect of the Eastar fiber content and bonding temperature on the 
fabric peak load along the machine direction for the 40g/m2 webs can be seen from the 
data in Figure 4.25. The graph shows that 90°C is too low to get the webs bonded 
effectively. The optimal bonding temperature is around 110°C for Eastar binder fiber 
content of 50% with peak load around 0.36kg. It also shows that the overall peak loads of 
cotton/Eastar webs are much lower compared to the cotton/(PE/PET) control nonwovens.  
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Figure 4.25 Peak loads of cotton/Eastar nonwovens (40gsm). 
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 The properties of the bonded fabrics are dependent on the properties of the 
constituent fibers (carrier fibers and binder fibers), processing factors and the method of 
bonding. Previous researchers [43, 64] indicated that the fiber properties determined the 
mechanical behavior of the bonded fabric. They observed a similarity in the load-
elongation behavior between bonded fabrics and their constituent fibers. Other researcher 
[33] found that the length of the fiber affect the strength of the bonded fabrics, since the 
longer fibers provide more cross over points and better anchoring of individual fibers and  
thus produce stronger fabrics. Binder concentration influences the tensile strength of the 
bonded fabrics as well as the flexural rigidity. Two main factors are involved in the 
determination of fabric strength, fiber load bearing behavior and the quantity of the 
polymer contributing to bonding at the points of embossing. At higher binder 
concentration, an increase in the binder content causes an increase in the strength.  
The low strength of cotton/Eastar fabrics is the result of the low strength and high 
elongation of the Eastar binder fiber as shown in Table 4.1, which causes the 
nonhomogeneous load sharing during the break, combining with the poor distribution of 
the binder fibers in the webs which decreases web uniformity. The fracture structures of 
cotton/Eastar with 30% binder fiber as shown in Figure 4.9 illustrated the nearly brittle 
fracture of the fabrics, which indicates the poor load sharing of the fabrics.  
 
4.3.1.3.2 High basis weight cotton/Eastar nonwovens 
 
High basis weight cotton/Eastar nonwovens (80g/m2) were also investigated to 
improve the web uniformity and further improve the resulting fabric strength. The effect 
of the Eastar fiber content on fabric peak load along the machine direction is shown in 
Figure 4.26. With the increase of Eastar binder fiber content, the peak load increases at 
the lower thermal bonding temperature. This is the result of the increase of Eastar fiber 
content, which increases the number of bond points and the effective bond area. 
However, at higher bonding temperature (120°C) and higher Eastar binder fiber content 
(above 30%), the peak load decreases with increase in Eastar binder fiber content. This 
may be caused by the different failure mechanism of the fabrics bonded at higher 
temperature as shown in Figure 4.12. At low bonding temperatures, the bond failure 
mechanism was found to be the loss of interfacial adhesion at the bond site, leading to 
bond disintegration. At higher bonding temperatures, the failure mechanism was cohesive 
failure of the fibers in the bond point and/or at bond periphery due to the loss of fiber 
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Figure 4.26 Effect of Eastar binder fiber content (80gsm). 
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integrity and formation of film-like spots at high temperatures, as well as the reduction in 
load transfer from fibers to film [43, 44]. 
The effect of bonding temperature on fabric peak load along the machine 
direction is shown Figure 4.27. Generally, an increase in bonding temperature improves 
the individual bond strength but can be detrimental to the base fiber strength [65].  It can 
be clearly seen that with the increase in calendering temperature, the peak load increases 
for lower binder fiber content (≤ 30%). With the increase in bonding temperature at lower 
binder fiber content, the increase in strength of the fabrics is the result of the increased 
penetration of the binder. At higher temperature, the binder fiber exhibits more of its fluid 
nature and incorporates more carrier fibers into the bonded network [66], resulting in the 
formation of better-developed bond structure. Again, the decrease of peak load at higher 
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Figure 4.27 Effect of bonding temperature (80gsm). 
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binder fiber content and higher bonding temperature is due to a different failure 
mechanism of the nonwoven fabrics.  
The overall peak loads of the high basis weight cotton/Eastar nonwovens are not 
very high, when we compare the peak loads of the high basis weight cotton/Eastar 
nonwovens with the low basis weight cotton/(PE/PET) nonwovens. The optimal peak 
load is only 1.35kg, much lower than the optimal peak load for cotton/(PE/PET) low 
basis weight nonwovens, which showed a peak load value of 2.29kg. The low strength of 
the high basis weight cotton/Eastar nonwovens may still be attributed to the non-
uniformity of the webs. These results again indicate that the Eastar unicomponent fiber is 
not a good choice for the cotton-based nonwovens. 
 
4.3.1.3.3 Cotton/(Eastar/PP) nonwovens 
In this section, a bicomponent fiber, Eastar/PP, with Eastar Bio® GP copolyester 
as the sheath and polypropylene as the stiffer core was selected as the binder fiber instead 
of Eastar unicomponent fiber to improve the stiffness of the fiber. This bicomponent 
binder fiber has higher tenacity, higher crimps, and lower peak extension compared to the 
Eastar unicomponent binder fiber. These properties are preferred for carding process, 
which may contribute to the uniform distribution of the binder fibers as discussed earlier. 
The peak loads of cotton/(Eastar/PP) nonwovens are shown in Figure 4.28. All the 
tested webs have a basis weight around 40g/m2. The optimal cotton/(Eastar/PP) web has a 
peak load value of 1.21kg or 1.15kg for the binder fiber content of 50% at bonding 
temperatures of 110°C or 100°C, respectively. Although the optimal peak load is not as  
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Figure 4.28 Peak loads of cotton/(Eastar/PP) nonwovens (40gsm). 
  
high as that for the cotton/(PE/PET) control webs as shown in Figure 4.24, the peak load 
is much higher than those of cotton/CA webs and cotton/Eastar webs.  
It was found that the peak loads first increase with increase of bonding 
temperature. Then with further increase in bonding temperature, the peak load decreases. 
Again, this may be caused by the different failure mechanism of the fabrics bonded at 
higher temperatures, as shown in Figure 4.13. At low bonding temperatures, the bond 
failure mechanism was found to be due to the loss of interfacial adhesion at the bond site 
leading to bond disintegration. At higher bonding temperatures, the failure mechanism 
was cohesive failure of the fibers near the bond periphery. 
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The comparison of the effect of the two Eastar binder fibers, Eastar unicomponent 
as-spun fiber and Eastar/PP bicomponent fiber, is demonstrated in Figure 4.29. At the 
three binder contents around 15%, 30%, and 50% under the four bonding temperatures 
(90°C, 100°C, 110°C, and 120°C), the peak loads of cotton/(Eastar/PP) nonwoven fabrics 
are much higher than those of cotton/Eastar nonwovens. Therefore, using Eastar/PP 
bicomponent fiber as a binder fiber can improve the tensile properties of cotton/Eastar 
nonwoven fabrics.  
The strength comparison of cotton/cellulose acetate nonwovens vs. cotton/Eastar 
nonwovens is illustrated in Figure 4.30. The graph shows that the peak loads of 
cotton/(Eastar/PP) webs are higher than or comparable to those of cotton/Eastar, 
cotton/OCA, and cotton/PCA webs. The advantage of using Eastar/PP as a binder fiber 
can be obviously seen. That is, the cotton/(Eastar/PP) webs have higher strength and at 
relatively lower thermal calendering temperature comparing with cotton/CA webs, which 
means that the process cost can be greatly reduced by using Eastar/PP bicomponent fiber 
as the binder fiber for cotton-based biodegradable nonwovens. Based on this research, 
high strength cotton/(Eastar/PP) nonwoven fabrics with a basis weight of 40gsm can be 
produced by using cotton/(Eastar/PP) at a blend ratio of 50/50, and thermal calendered at 
100°C or 110°C under a constant calendering speed of 10m/min and calendering pressure 
of 0.33MPa.  
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Figure 4.29 Peak loads comparison: cotton/Eastar vs. cotton/(Eastar/PP) (40gsm). 
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Figure 4.30 Peak loads comparison: cotton/CA vs. cotton/Eastar (40gsm). 
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§4.3.2    Single Bond Tensile Strength  
To further analyze the strength of the fabrics, single bond strip tensile tests were 
carried out on the cotton/(PE/PET) and cotton/(Eastar/PP) webs. This test was done in 
order to estimate the bond strength and the degree of load sharing between fibers during 
the tensile deformation of the webs. The idea is that if the binder fibers were well-
distributed in the nonwoven fabrics, the tensile data of the strip fabrics should be 
consistent with those of the single bond strips.  
The results of the single bond strip tensile tests for the cotton/(PE/PET) 
nonwovens with basis weight of 40g/m2 are shown in Figure 4.31. When comparing the 
tensile data for the single bond in Figure 4.31 with the tensile data for the strip test in 
Figure 4.24, it is obvious that the effects of temperature and binder content on the peak 
strength for the fabric strips is not exactly the same as those for the single bond strips. At 
the binder fiber contents of 15% and 30%, the trends of the curves for the strip tests are 
the same as those for the single bond strip tests while for the binder fiber content of 50% 
the trend of the peak loads for the strip test does not follow the same trend of the single 
bond strip test. Whereas strength drops after optimum bonding temperature for one-inch 
strips, single bond strength continues to increase with increase in bonding temperature. 
This indicates that the PE/PET binder fiber may not be well-distributed in the nonwoven 
fabrics. The result is consistent with what was observed from the DSC quantitative 
analysis in section 4.2.3.2. That is, there was high variation of binder fiber distribution 
along the cross direction of the fabrics. The standard deviation of the fabric with 50%  
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Figure 4.31 Single bond peak loads of cotton/(PE/PET) nonwovens (40gsm). 
 
PE/PET binder fiber is 11.90, listed in Table 4.6, which is much higher than those of the 
fabrics with 15% PE/PET binder fiber (6.64) and 30% PE/PET binder fiber (7.02).  
The single bond strength results for cotton/(Eastar/PP) webs with a basis weight 
of 40g/m2 are shown in Figure 4.32. On comparing the tensile data for the single bond in 
Figure 4.32 with the tensile data for the strip test in Figure 4.28, it becomes clear that the 
effects of temperature and binder content on the peak strength for the fabric strip are also 
not exactly the same as for the single bond strip. At binder fiber content of 50%, the trend 
of the peak load for the strip test is almost the same as that for the single bond strip test. 
For the binder fiber content of 15% and 30% the trends of the peak loads for strip tests do 
not follow the same trends of single bond strip tests. This indicates that the Eastar/PP  
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Figure 4.32 Single bond peak loads of cotton/(Eastar/PP) nonwovens (40gsm). 
 
binder fiber may not be well-distributed in the nonwoven fabrics. These results are 
consistent with what was observed from the DSC quantitative analysis in section 4.2.3.2; 
that is, there is high variation of binder fiber distribution along the cross direction of the 
fabrics with binder fiber content of 15% and 30%. The C.V. and standard deviation of the 
fabrics with 15% and 30% Eastar/PP binder fiber are higher than those of the fabric with 
50% Eastar/PP binder fiber (Table 4.7). 
Since the effect of bonding temperature on tensile property of strip fabric is not 
consistent with that of single bond strip for both the cotton/(PE/PET) and 
cotton/(Eastar/PP) nonwovens, it can be concluded that the binder fibers were not 
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uniformly distributed in those carded nonwoven fabrics, especially for certain 
compositions. These results further demonstrate that DSC is a useful and reliable method 
for studying the binder fiber distribution in these carded cotton-based nonwovens by 
analyzing the specific enthalpy from crystallization of one of the binder fiber components 
in the fabrics.  
 
§4.3.3    Flexural Rigidity  
Strength, softness, and absorbency are the three most important properties of an 
absorbent web. These properties are determined by the manufacturing process, raw 
material selection, and the post processing treatment [67]. 
The effects of bonding temperature and binder fiber contents on flexural rigidity 
of cotton/(Eastar/PP) and cotton/(PE/PET) nonwoven webs are shown in Figure 4.33 and 
Figure 4.34, respectively. All the fabrics have a basis weight of around 40gsm. For both 
the nonwoven webs, flexural rigidity increases with the increase of bonding temperature 
and binder fiber content. That is, the fabrics become stiffer with increase in bonding 
temperature due to the melting of the sheath of the binder fiber at the bond points and 
formation of film like structures as shown in Figures 4.5 – 4.8.  
The overall flexural rigidity of cotton/(PE/PET) webs is lower than that of 
cotton/(Eastar/PP) webs except for the fabric bonded at 140°C at the blend ratio of 50/50.  
This may be the result of the high crimps in PE/PET binder fibers (18 crimps/inch as 
listed in Table 4.1) compared to those in Eastar/PP binder fibers (11 crimps/inch as listed 
in Table 4.1).  Allan and Ingalls [68] have suggested that the use of helically crimped  
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Figure 4.33 Flexural rigidity of cotton/(Eastar/PP) nonwovens (40gsm). 
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Figure 4.34 Flexural rigidity of cotton/(PE/PET) nonwovens (40gsm). 
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fiber segments between the bond points. The improvement in the flexibility of the fabric 
has been attributed to the actual increase in length of unbonded fiber segments, which 
lessen fiber interactions and, for this reason, make bending and shear deformation easier.  
 
§4.3.4    Absorbency 
Absorbency is another important property for an absorbent web. Absorbency rate 
and absorbent capacity are the two most important performance parameters to be 
considered for absorbent applications of nonwovens.  
The absorption curves of cotton/(Eastar/PP) nonwoven webs with binder fiber 
contents of 30% and 50% are demonstrated in Figure 4.35 and Figure 4.36, respectively. 
All the fabrics have a basis weight around 40gsm. The maximum amount of absorption 
for the blend ratio of 70/30 can get as high as 13 grams/gram. Even for the stronger 
fabrics at a blend ratio of 50/50 the absorption can reach 11 grams/gram, indicating that 
the fabrics have potential applications as absorbent materials.   
It can be clearly seen from these figures that the total amount of absorption and 
absorption rate decrease with increase in bonding temperature and binder fiber content, 
while the time needed to obtain the balanced absorption increases with increase in 
bonding temperature and binder fiber content. The sheath of the Eastar/PP binder fiber 
melts at higher bonding temperature and penetrates into some capillaries at the bond 
points, causing the total amount of absorption and absorption rate to decrease. Moreover, 
the more the binder fiber in content, the larger the decrease of the number of capillaries at 
the bond points.  
  
 
Figure 4.35 Absorption behavior of cotton/(Eastar/PP)=70/30 webs (40gsm). 
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Figure 4.36 Absorption behavior of cotton/(Eastar/PP)=50/50 webs (40gsm). 
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The directional flow charts in these figures indicate that flow rates along machine 
direction (90° and 270° line) are higher than those along cross direction (0° and 180° 
line) for all the samples. The numbers on the right bottom of the charts show the ratio of 
the flow rate along the machine direction versus the flow rate in the cross direction. 
These ratios are larger than 1, which means that the flow rate in the machine direction is 
higher than that of the cross direction. This aspect ratio indicates that fibers and 
capillaries are more orientated along the machine direction for the carded nonwovens. 
The absorption curves of 40gsm cotton/(PE/PET) webs are illustrated in Figure 
4.37. An absorption slope of 0.005 grams per 20 seconds was used for the webs due to 
the lower flow rate of the fabrics. Comparison of Figure 4.37 with Figure 4.35 and 4.36 
indicates that the maximum amount of absorption for cotton/(PE/PET) webs is much 
lower than that for cotton/(Eastar/PP) webs. The highest absorption for cotton/(PE/PET) 
was only 7 grams/gram for the blend ratio of 70/30 bonded at 120ºC. This is due to the 
lower wettability of PE/PET binder fibers shown by the high contact angle of 85.43º in 
Table 4.1. It is difficult to obtain any readings for the blend ratio of 50/50 even under the 
low absorption slope, indicating the low absorbency of the materials.  
 Thus, the cotton/(Eastar/PP) nonwoven fabrics have good water absorbency and, 
even for the better strength fabrics at blend ratio of 50/50, the absorption can reach 11 
grams/gram, indicating that the fabrics have potential applications as absorbent materials. 
 
  
 
Figure 4.37 Absorption behavior of cotton/(PE/PET)=70/30 webs (40gsm). 
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§4.4 STATISTIC MODELING OF THE TENSILE PROPERTY OF THE 
BIODEGRADABLE NONWOVENS 
In this section, the experimental results for 40gsm cotton/Eastar(/PP) webs were 
statistically analyzed using the General Linear Model Procedures (GLM) in JMP 5.0 to 
determine the significance of the effects of the parameters (variables) on the peak load 
(LOAD) (response) of the resulting biodegradable nonwovens and further fit the 
parameters to proper models. These parameters are thermal calendering temperature 
(TEMP), binder fiber forms (TYPE), and binder fiber contents or blend ratio (COMP). 
The experimental design is shown in Table 3.1 as TEMP at 4 levels, TYPE at 2 levels, 
and COMP at 3 levels. Since five strips were tested for each specimen, so each treatment 
has 5 measurements. This is not a full factorial design but a split plot design due to the 
restrictions of experimental conditions. The parameter, bonding temperature, does not 
have true replications. The mean values, standard deviation (σ), and coefficient of 
variation (C.V.) of the peak loads of the resulting nonwoven fabrics are listed in Table 
4.10. 
 
§4.4.1    Fit Model Considering All Variables Nominal – Model (1) 
It is better to consider all the three variables nominal to fit model due to the 
special experimental design. Fit model platform was used to investigate whether the 
effect of the three variables are significant at α level of 0.05. The interactions among the 
three variables were also considered in the model. The added parameters were: TEMP, 
 103
 
 
 
 
 
 
Table 4.10 Peak loads of cotton/Eastar(/PP) nonwovens (40gsm) (kg). 
Cotton/Eastar Cotton/(Eastar/PP) Binder 
Content (%) 
Bonding 
Temperature 
(°C) 
Mean σ C.V. Mean σ C.V. 
90 0.10 0.03 0.27 0.24 0.04 0.16 
100 0.14 0.03 0.24 0.30 0.05 0.15 
110 0.17 0.02 0.12 0.36 0.05 0.13 
 
15 
120 0.17 0.03 0.19 0.29 0.06 0.20 
90 0.12 0.03 0.26 0.42 0.04 0.10 
100 0.15 0.02 0.15 0.54 0.20 0.38 
110 0.30 0.12 0.41 0.65 0.15 0.23 
 
30 
120 0.30 0.06 0.19 0.56 0.36 0.64 
90 0.13 0.04 0.34 0.54 0.14 0.26 
100 0.15 0.03 0.21 1.15 0.36 0.32 
110 0.36 0.05 0.15 1.21 0.27 0.22 
 
50 
120 0.31 0.05 0.16 0.85 0.26 0.31 
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TYPE, TEMP*TYPE, COMP, TEMP*COMP, TYPE*COMP, and 
TEMP*TYPE*COMP. The first part of the JMP outputs in Table 4.11 is the summary of 
the fit. R-square of the fit is 0.838, which represents the proportion of variability in peak 
load accounted by the model. The second part is the significance level of the model as a 
whole for the response variable, which is the peak load of the fabrics. The last part lists 
the significance levels for each of the independent variables, which are the parameters 
and their interactions. The term DF in the last two parts of the table is the degrees of 
freedom for each variable in the design. It is one less than the total number of 
observations. Thus, in the second part of the table, the value in column DF in the last row 
is 119 which is one less than the total number of the combinations multiplied by the five 
replicated measurements of each combination. In the last part of the table, the DF for 
each variable is obtained by subtracting one from the respective number of levels.  
The sum of squares is an indication of the variation in the observed data and is calculated 
by using the standard procedure. The mean square is obtained by dividing the sum of 
squares value by the corresponding degree of freedom [69]. The F-value is calculated by 
dividing the mean square by the mean error in the second part. The F-values are used to 
obtain the corresponding p-level (the significance level) for each independent variable. 
The p-value of TEMP*TYPE*COMP is 0.0532, which is greater than α = 0.05, 
indicating the interaction is not significant at α = 0.05; while for variables TYPE, COMP, 
and TYPE*COMP are very significant with p-values lower than 0.001. That is, the effect 
of binder type, binder fiber content and their mutual interactions is very important to 
fabric strength, which is represented by the peak load value. Therefore, TEMP, TYPE,  
  
 
 
 
Table 4.11 Fit model with all variables and their interactions – Model (1). 
Summary of Fit 
    
RSquare 0.837571 
RSquare Adj 0.798656 
Root Mean Square Error 0.148304 
Mean of Response 0.396417 
Observations (or Sum Wgts) 120 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 23 10.887719 0.473379 21.5229 
Error 96 2.111440 0.021994 Prob > F 
C. Total 119 12.999159  <.0001 
  
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F  
TYPE 1 1 4.6374008 210.8469 <.0001  
COMP 2 2 2.7251517 61.9517 <.0001  
TYPE*COMP 2 2 1.5829217 35.9850 <.0001  
TEMP 3 3 0.9507025 14.4084 <.0001  
TYPE*TEMP 3 3 0.2998292 4.5441 0.0051  
COMP*TEMP 6 6 0.4062350 3.0784 0.0085  
TYPE*COMP*TEMP 6 6 0.2854783 2.1633 0.0532  
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TEMP*TYPE, COMP, TEMP*COMP, and TYPE*COMP should be kept while 
TEMP*TYPE*COMP could be deleted in the model for further study.  
 
§4.4.2    Reduced Model Considering All Variables Nominal – Model (2) 
Based on the above analysis, the reduced model was fitted by TYPE, COMP, and 
their interaction TYPE*COMP. The JMP outputs are shown as follows in Table 4.12. R-
square of the reduced fitted model is 0.816, which represents the proportion of variability 
in peak load accounted by the reduced model. It is close to that of the larger model, 
which is 0.838. This indicates the excluded variables do not contribute much to the larger 
model, so it could be excluded. The p-values of all the parameters are smaller than α = 
0.05, indicating all of them are significant at α = 0.05. The predicted profiles of the 
reduced model are shown in Figure 4.38 (a, b) by using the effect screening method. It 
can be clearly seen from these profiles again that the better binder type is Eastar/PP and 
the better binder fiber content is 0.5 (50%), and the optimal bonding temperature is 
around 110°C.  
 
§4.4.3    Fit Model Considering Both TEMP And COMP As Continuous Variables – 
Model (3) 
We fitted a model considering TEMP and COMP as continuous variables while 
TYPE as the only nominal variables where temperature was fitted to the third degree 
since it had four levels and composition to the second degree since it had three levels and 
 
  
 
 
Table 4.12 Reduced model – Model (2). 
Summary of Fit 
    
RSquare 0.81561 
RSquare Adj 0.784878 
Root Mean Square Error 0.153294 
Mean of Response 0.396417 
Observations (or Sum Wgts) 120 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 17 10.602241 0.623661 26.5397 
Error 102 2.396918 0.023499 Prob > F 
C. Total 119 12.999159  <.0001 
 
 
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F   
TYPE 1 1 4.6374008 197.3429 <.0001  
COMP 2 2 2.7251517 57.9839 <.0001  
TYPE*COMP 2 2 1.5829217 33.6803 <.0001  
TEMP 3 3 0.9507025 13.4856 <.0001  
TYPE*TEMP 3 3 0.2998292 4.2530 0.0071  
COMP*TEMP 6 6 0.4062350 2.8812 0.0123  
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Figure 4.38 (a) Predicted profiles. 
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Figure 4.38 continued (b) Predicted profiles. 
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binder type was considered as the only nominal variable. All interactions were included. 
See Table 4.13 for the estimated values of the model coefficients. 
According to the JMP output in Table 4.13, R-square of the fit is 0.813, which 
represents the proportion of variability in peak load accounted by the new model. It is 
worth noticing that the R-square value in this model is close to those previous models 
considering all variables nominal, as shown Table 4.11 and Table 4.12, indicating that 
this new model fits as well as the original ones. 
Based on Table 4.13 the model was simplified to include only the following 
effects: TYPE, COMP, TYPE*COMP, TEMP, TEMP*TEMP, TEMP*COMP, 
TEMP*TEMP*COMP, TEMP*TYPE, TEMP*TEMP*TYPE. The practice of including 
lower level terms that are not significant if higher level terms are significant was 
followed. For example, TEMP*COMP was included in the model because 
TEMP*TEMP*COMP was significant. Similarly, TEMP*TYPE was included because 
TEMP*TEMP*TYPE was significant. The terms not included in the model were not 
significant even though the experimental variation was less in this split plot design than 
would have been in the case of true replication. This fact gives confidence in the non-
significance of the dropped terms. 
 
§4.4.4    Simplified Model – Model (4)  
Based on above analysis, the simplified model was fitted by TYPE, COMP, 
TYPE*COMP, TEMP, TEMP*TEMP, TEMP*COMP, TEMP*TEMP*COMP, 
TEMP*TYPE, TEMP*TEMP*TYPE. The JMP results are given in the Table 4.14. The 
  
Table 4.13 Fit model with all variables and their interactions – Model (3). 
Summary of Fit 
  
RSquare 0.812666
RSquare Adj 0.785646
Root Mean Square Error 0.153021
Mean of Response 0.396417
Observations (or Sum Wgts) 120
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio
Model 15 10.563968 0.704265 30.0771
Error 104 2.435191 0.023415 Prob > F
C. Total 119 12.999159 <.0001
 
Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t|
Intercept  -1.213176 0.50776 -2.39 0.0187
TYPE[Eastar]  -0.236893 0.03025 -7.83 <.0001
COMP  1.4519873 0.157886 9.20 <.0001
TYPE[Eastar]*(COMP-0.31667)  -0.769365 0.100477 -7.66 <.0001
TEMP  0.0116628 0.004807 2.43 0.0170
TYPE[Eastar]*(TEMP-105)  0.0028181 0.004448 0.63 0.5278
(COMP-0.31667)*(TEMP-105)  0.0261152 0.031101 0.84 0.4030
(TEMP-105)*(TEMP-105)  -0.000606 0.00014 -4.34 <.0001
(TEMP-105)*(TEMP-105)*(TEMP-105)  -0.000025 0.000021 -1.22 0.2255
(COMP-0.31667)*(COMP-0.31667)  0.0452381 0.991098 0.05 0.9637
(TEMP-105)*(TEMP-105)*(COMP-0.31667)  -0.003216 0.000974 -3.30 0.0013
(TEMP-105)*(TEMP-105)*(TEMP-105)*(COMP-0.31667)  -0.000032 0.000145 -0.22 0.8276
(COMP-0.31667)*(COMP-0.31667)*(TEMP-105)  -0.040286 0.088646 -0.45 0.6504
(TEMP-105)*(TEMP-105)*TYPE[Eastar]  0.0004908 0.00014 3.51 0.0007
(TEMP-105)*(TEMP-105)*(TEMP-105)*TYPE[Eastar]  -0.000014 0.000021 -0.67 0.5012
(COMP-0.31667)*(COMP-0.31667)*TYPE[Eastar]  -1.02381 0.991098 -1.03 0.3040
  
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F   
TYPE 1 1 1.4360019 61.3275 <.0001  
COMP 1 1 1.9803377 84.5745 <.0001  
TYPE*COMP 1 1 1.3728800 58.6318 <.0001  
TEMP 1 1 0.1378535 5.8873 0.0170  
TYPE*TEMP 1 1 0.0093992 0.4014 0.5278  
COMP*TEMP 1 1 0.0165096 0.7051 0.4030  
TEMP*TEMP 1 1 0.4404408 18.8100 <.0001  
TEMP*TEMP*TEMP 1 1 0.0348082 1.4866 0.2255  
COMP*COMP 1 1 0.0000488 0.0021 0.9637  
TEMP*TEMP*COMP 1 1 0.2551532 10.8969 0.0013  
TEMP*TEMP*TEMP*COMP 1 1 0.0011163 0.0477 0.8276  
COMP*COMP*TEMP 1 1 0.0048359 0.2065 0.6504  
TEMP*TEMP*TYPE 1 1 0.2891008 12.3467 0.0007  
TEMP*TEMP*TEMP*TYPE 1 1 0.0106682 0.4556 0.5012  
COMP*COMP*TYPE 1 1
 111
0.0249865 1.0671 0.3040  
   
 
Table 4.14 Simplified model – Model (4). 
Summary of Fit 
  
RSquare 0.806783
RSquare Adj 0.790975
Root Mean Square Error 0.151107
Mean of Response 0.396417
Observations (or Sum Wgts) 120
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio
Model 9 10.487504 1.16528 51.0343
Error 110 2.511655 0.02283 Prob > F
C. Total 119 12.999159 <.0001
 
Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t|
Intercept  -0.579155 0.140174 -4.13 <.0001
TYPE[Eastar]  -0.257938 0.022081 -11.68 <.0001
COMP  1.4531081 0.154014 9.43 <.0001
TYPE[Eastar]*(COMP-0.31667)  -0.79473 0.096212 -8.26 <.0001
TEMP  0.00563 0.001234 4.56 <.0001
(TEMP-105)*(TEMP-105)  -0.000606 0.000138 -4.39 <.0001
(TEMP-105)*(COMP-0.31667)  0.0186162 0.008605 2.16 0.0327
(TEMP-105)*(TEMP-105)*(COMP-
0.31667) 
 -0.003216 0.000962 -3.34 0.0011
(TEMP-105)*TYPE[Eastar]  -0.000063 0.001234 -0.05 0.9592
(TEMP-105)*(TEMP-
105)*TYPE[Eastar] 
 0.0004908 0.000138 3.56 0.0006
 
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F   
TYPE 1 1 3.1156334 136.4517 <.0001  
COMP 1 1 2.0325556 89.0175 <.0001  
TYPE*COMP 1 1 1.5579352 68.2311 <.0001  
TEMP 1 1 0.4754535 20.8229 <.0001  
TEMP*TEMP 1 1 0.4404408 19.2895 <.0001  
TEMP*COMP 1 1 0.1068571 4.6799 0.0327  
TEMP*TEMP*COMP 1 1 0.2551532 11.1746 0.0011  
TEMP*TYPE 1 1 0.0000602 0.0026 0.9592  
T EMP*TEMP*TYPE 1 1 0.2891008 12.6614 0.0006  
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model has an R2 of 0.8068 versus 0.8127 for the full model (Model (3)) so we have not 
lost much prediction power by simplifying the model as we have done.  
The new fitted model is:  
 
)3167.0(7947.04531.12579.05792.0 −××−×+×−−= COMPzCOMPzLoad  
 
)105)(105(0006.0
)105)(3167.0(0186.00056.0
−−×−
−−×+×+
TEMPTEMP
TEMPCOMPTEMP
 
 zTEMPTEMPTEMPz ×−−−−××+ )105(000063.0)105)(105(0005.0  
 )3167.0)(105)(105(0032.0 −−−×− COMPTEMPTEMP                                (4) 
 
 where, z = 1 for Eastar 
  z = -1 for Eastar/PP 
 
Similar Predict Profiles can also be obtained based on Model (4). Figure 4.39 
shows the predicted profiles for Eastar and Eastar/PP binders respectively according to 
above Model (4). The model predicts that the highest strength for 40gsm cotton/Eastar 
nonwoven is given when we use binder content of 0.5 (50%) and a bonding temperature 
around 111°C; while the highest strength for 40gsm cotton/(Eastar/PP) nonwoven is 
given when we use binder content of 0.5 (50%) and a bonding temperature around 
108°C. The optimal peak load of cotton/(Eastar/PP) nonwovens is much higher than that 
of cotton/Eastar nonwoven. Thus, Eastar/PP binder fiber is the better choice.  
 
§4.4.5    Predicted Peak Loads And Their Prediction Intervals 
For practical applications, a prediction interval (PI) was preferred. An interval 
estimate for an individual observation is called a PI, which is different from confidence 
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Figure 4.39 Prediction profiles based on Model (4). 
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interval of the mean of the population [69]. The predicted peak loads and their 95% 
prediction intervals are shown in Table 4.15, based on the simplified model (4). Here the 
prediction interval is the strength that a future observation will be in the interval with 
95% confidence.  The predicted optimal peak loads and their prediction intervals are also 
listed in Table 4.15. The optimal peak load for 40gsm cotton/Eastar nonwovens is only 
0.3635kg, relatively lower compared with that for 40gsm cotton/(Eastar/PP) nonwovens, 
which is 1.154kg. Thus, Eastar/PP should be selected as the best binder fiber. 
The optimal process conditions for obtaining high strength nonwoven fabrics are 
to select Eastar/PP as the binder fiber type, to choose binder fiber content at 50%, and to 
use 107.7°C as the best bonding temperature. The predicted peak load of the 40gsm 
nonwoven fabrics processed under the optimal condition is 1.154kg. 
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Table 4.15 Predicted peak loads and their prediction intervals (kg). 
Cotton/Eastar Cotton/(Eastar/PP) Binder 
(%) 
Bonding 
Temp. (°C) Predicted
Load 
LPL UPL Predicted 
Load 
LPL UPL 
90 0.162252 -0.15429 0.478799 0.190442 -0.1261 0.506989
100 0.102685 -0.20747 0.412837 0.328475 0.018322 0.638627
110 0.127324 -0.18283 0.437477 0.354381 0.044228 0.664534
 
15 
120 0.236171 -0.08038 0.552718 0.268161 -0.04839 0.584708
90 0.110575 -0.1983 0.419449 0.377184 0.068311 0.686058
100 0.175418 -0.12953 0.48037 0.639627 0.334676 0.944579
110 0.227982 -0.07697 0.532934 0.693458 0.388507 0.99841
 
30 
120 0.268267 -0.04061 0.577141 0.538676 0.229802 0.84755
90 0.041673 -0.27648 0.359823 0.626173 0.308023 0.944324
100 0.272397 -0.03885 0.583642 1.054498 0.743253 1.365743
110 0.362193 0.050948 0.673438 1.145561 0.834316 1.456806
 
50 
120 0.311062 -0.00709 0.629212 0.899363 0.581212 1.217513
*50 111.2 0.363498 0.022088 0.647734   
*50 107.7 1.154481 0.829364 1.45501
* predicted values for optimal processing conditions. 
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Chapter 5  
 
 
 
CONCLUSIONS AND  
FUTURE WORK 
 
 
§5.1 CONCLUSIONS 
High strength cotton-based biodegradable nonwoven fabrics can be produced by 
using cotton/(Eastar/PP) at the blend ratio of 50/50 under the lower thermal calendering 
temperature around 108°C (peak strength is around 1.154kg) at the calendering pressure 
of 0.33MPa and the calendering speed of 10m/min with a basis weight of 40gsm.  
Both bonding temperature and binder fiber content affect bond morphology. The 
shape of the bond becomes well-developed and the surface of the bond points becomes 
smoother with the increase of bonding temperature. The regular shape of the bond point 
and the smooth surface of the fabrics bonded at high bonding temperature show the well-
developed bond structure. The carrier fibers and the cores of the binder fibers were 
deformed by the thermal bonding process. When the bonding temperature is sufficient, 
the shape of the bond becomes well-developed and the bond point becomes more film-
like with the increase of binder fiber content. 
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The fractures for cotton/Eastar webs are generally brittle while the fractures for 
cotton/(PE/PET) webs are ductile. The fractures for cotton/(Eastar/PP) webs are between 
the two.  
The failure mechanism of the fabrics with lower binder fiber content bonded at 
lower temperature is found to be due to the loss of interfacial adhesion at the bond site, 
leading to bond disintegration. The failure mechanism of the fabric with higher binder 
fiber content bonded at higher temperature is the result of the cohesive failure of the 
fibers in the bond point and/or near the bond periphery due to the loss of fiber integrity 
and formation of film-like spots at high temperatures, as well as the reduction in load 
transfer from fibers to film.  
High weight loss was observed in the carding process for both low and high basis 
weight cotton/Eastar webs. Eastar binder fibers are not uniformly distributed in the webs 
and Eastar binder fiber bundles were observed in these webs. Binder fibers are better 
distributed in cotton/(Eastar/PP) webs and cotton/(PE/PET) webs. 
DSC is a useful method to quantitatively characterize the binder fiber distribution 
in the carded cotton-based nonwovens by analyzing the specific enthalpy from 
crystallization of one of the binder fiber components in the fabrics. Binder fibers were not 
well-distributed in either cotton/(Eastar/PP) or cotton/(PE/PET) nonwovens since high 
variation and C.V. of the binder fiber content existed in both of the carded nonwoven 
series, according to the DSC quantitative measurement results. This result is further 
verified by the different trends of the effect of bonding temperature on tensile loads for 
strip tests and single bond tests for both the nonwoven series.  
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The strength of cotton/OCA can be improved by using either an external (water) 
or internal plasticizer or both of them. Water dip-nip treatment can replace a 20% acetone 
solvent treatment.  The optimal processing conditions are either for cotton/OCA with 
water dip-nip treatment or cotton/PCA without treatment bonded at 190°C for both the 
blend ratios of 75/25 and 50/50. However, the optimal bonding temperature is relatively 
high and the overall strength of cotton/cellulose acetate nonwovens is lower compared to 
the control cotton/(PE/PET) nonwovens when using external and internal plasticizers. 
Strengths of cotton/Eastar nonwovens are very low due to the low strength and 
high elongation of the Eastar binder fiber, which causes an unbalanced load sharing 
during tensile deformation. To this is added the binder fiber distribution problem during 
the carding process. The peak loads of cotton/(Eastar/PP) nonwoven fabrics are much 
higher than those of cotton/Eastar nonwoven fabrics. The peak strengths of 
cotton/(Eastar/PP) nonwoven fabrics are higher than or comparable to those of 
cotton/Cellulose Acetate nonwovens.  
Empirical models have been developed to predict the breaking load of the webs 
based on the interactions of binder fiber composition and bonding temperature using the 
General Linear Models Procedure in JMP 5.0. 
Binder fiber type and content and thermal calendering temperature are the main 
variables which determine the properties of thermal bonded nonwovens. With the 
increase in binder fiber content, peak load increases at a lower thermal bonding 
temperature. With the increase of calendering temperature, peak load increases at lower 
binder fiber content. However, at higher bonding temperatures and higher binder fiber 
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contents, the peak load decreases. This observed trend may be attributed to the different 
failure mechanism of the fabrics bonded at higher temperature.  
The flexural rigidity increases with the increase of bonding temperature and 
binder fiber content for cotton/(Eastar/PP) nonwovens. That is, the fabrics become stiffer 
with an increase in bonding temperature.  
Cotton/(Eastar/PP) nonwoven fabrics have good water absorbency and, even for 
the high strength fabrics at a blend ratio of 50/50, the absorption can reach 11 
grams/gram, indicating that the fabrics have potential applications as absorbent materials. 
The total amount of absorption and the absorption rate decrease with the increase in 
bonding temperature and binder fiber content. Also the absorption of the fabrics is found 
to be directional, higher along the machine direction than that along the cross direction, 
indicating that fibers and capillaries are orientated more along the machine direction for 
the carded nonwovens.  
 
§5.2 FUTURE WORK 
The future work can be directed toward the following areas. First, there should be 
further development of 100% biodegradable nonwoven materials. The optimal 
combination obtained for this research is cotton/(Eastar/PP) in which the PP part cannot 
be biodegradable. Biodegradable substitutes such as PLA might be used for further study. 
A bicomponenet binder fiber with Eastar as the sheath is recommended because of its 
lower thermal calendering process temperature. 
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Secondly, studies should continue on the relationship of the fabric tensile strength 
and single bond tensile strength, and factors which affect the tensile property of both the 
fabric and the single bond are recommended. A computer-modeling program may be 
used to do the calculation and prediction. 
The third recommendation is to theoretically characterize absorption properties of 
the resulting thermally-calendered nonwoven fabrics. Models may be developed based on 
the properties of the penetrated liquid and the physical properties of the constituent fibers 
and fabrics, which include fiber diameter, surface tension of the constituent fibers, crimps 
of the fiber, fiber linear density, pore size, pore distribution in the fabrics, bonded area, 
fabric thickness, fabric basis weight, and so on.  
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Statistical Analysis of the Effect of Processing Conditions on the Strength of 
Thermally Point-bonded Cotton-based Nonwovens 
 
Haoming Rong, Ramon V. Leon, and Gajanan S. Bhat
The University of Tennessee, Knoxville, TN 37996 
 
Abstract 
 
In this paper, we investigated the effect of thermal calendering temperature, binder fiber 
type, and binder fiber component (blend ratio) on the tensile strength of resulting 
thermally point-bonded nonwovens. The experimental results were statistically analyzed 
using the General Linear Models Procedure in JMP 5.0 to determine the significance of 
the effects of the variables on the fabric strength. Based on the interactions of binder fiber 
composition and bonding temperature, empirical models have been developed to predict 
breaking load of the webs. 
 
Keywords: Nonwoven, statistical analysis, thermal calendering, binder fiber, strength. 
 
Introduction 
 
Nowadays, nonwoven fabrics have been widely used in home furnishings, automotive 
industry, civil engineering, geotextiles, industrial filters and medical sanitary materials 
etc [3]. More than 50% of these nonwoven products are disposable products. However, 
most of these products are made of synthetic fibers, such as polypropylene, polyethylene, 
polyester and polyamide, which are not biodegradable and end up as solid waste. With 
1the growing environmental awareness throughout the world, environmentally compatible 
nonwoven products have been receiving increasing attention in recent years.  
 
Cotton-based biodegradable/compostable nonwovens become a major choice, due to the 
unique properties of cotton fibers, such as biodegradability, softness, absorbency and 
breathability. There is increasing interest in biodegradable/compostable cotton-based 
nonwovens with the expansion of nonwovens into novel applications. Cotton/Eastar Bio® 
(/PP) thermally point-bonded biodegradable nonwovens have been produced and 
evaluated at the University of Tennessee, Knoxville in the recent years [1-2, 5-7]. The 
resulting nonwoven fabrics have shown great promise. Several variables such as binder 
fiber type, composition, processing conditions, distribution of fibers in the web and 
bonding conditions dictate the structure and properties of the resulting webs [4, 8]. Effect 
of some of the important variables is examined with a statistical approach to come up 
with predictive models. 
 
Experimental 
 
Materials and Processing 
                                                 
1 Reprint permitted by TRJ. 
 
The cotton fiber used in this research was supplied by Cotton Incorporated, Cary, NC. 
The scoured and bleached commodity cotton fiber had a moisture content of 5.2%, a 
micronaire value of 5.4 and an upper-half-mean fiber length of 24.4 mm (0.96inch). The 
Eastar Bio® GP copolyester (Eastar Bio®) unicomponent and bicomponent (Eastar 
Bio®/PP) staple fibers were produced by Eastman Chemical Company, Kingsport, TN. 
The Eastar Bio® GP copolyester has a melting temperature around 110°C and becomes 
soft around 80°C [5]. The bicomponent fiber has a sheath/core structure, with Eastar Bio® 
GP copolyester as the sheath on a stiffer core of polypropylene. The load-elongation 
curves for the two binder fibers are shown in Figure 1.  
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Figure 1. Load-elongation curves for the binder fibers. 
 
Fibers were first opened by hand and then weighed according to the desired blend ratio 
and fabric weight. The fiber blends were then carded to form a web using a modified 
Hollingsworth card. The resulting carded fabric weights were around 40 grams/m2. The 
carded webs were then thermally point-bonded using a Ramisch Kleinewefers 60cm 
(23.6 inches) wide five-roll calender with a bonded area of 16.6%. Three blend ratios 
(85/15, 70/30 and 50/50 of Cotton/Binder fiber), and four calendering temperatures 
(90°C, 100°C, 110°C, and 120°C) were used for the processing. All the webs were 
calendered under the same nip pressure, 0.33MPa, at a constant speed of 10 m/min.   
 
Experimental Design 
 
The experimental design used in this research is shown in Figure 2. Three treatment 
factors (variables) considered in this research were: 
 
Thermal calendering temperature (TEMP, four levels, 90°C, 100°C, 110°C, and 120°C) 
Forms of binder fiber (TYPE, two levels, Eastar Bio® fiber and Eastar Bio®/PP fiber) 
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Blend ratio (COMP, three levels, Cotton/Binder fiber at 85/15, 70/30, and 50/50 
respectively), i.e., binder fiber component (three levels, at 15%, 30%, and 50%) 
 
Since Eastar Bio® GP copolyester was the only component which became soft and melt 
during the bonding process, the same thermal calendering temperature range was settled 
for both the nonwoven series, and the effects of bonding temperature for both of the 
nonwoven series are expected to be the same. 
 
 
Figure 2. Experimental Design. 
 
Characterization 
 
Basis weight of nonwoven fabrics was determined according to INDA Standard Test 
130.1-92 Standard Test Method for the Mass Per Unit Area of Nonwoven Fabrics. 
Fabrics were first conditioned for 24 hours and then test at 20°C and 65% relative 
humidity. 3 pieces of the sample were cut using a cutting die of an area of 0.01 m2. Then 
the weight of the sample pieces was weighed at a balance with an accuracy of 0.0001 
gram. The mass per unit area of each test piece was calculated finally based on the 
measurement. 
 
Tensile strength of the resulting nonwoven fabrics were tested using a united tensile 
tester according to ASTM D 5035-95 Standard Test Method for Breaking Force and 
Elongation of Textile Fabrics (Strip Method).  All the tensile tests were carried out under 
the standard atmosphere for testing textiles, with temperature of 21 ± 1 °C and relative 
humidity of 65 ± 2 %. Sample was cut for 1’’ wide and 10 ’’ long. A gauge length of 5’’ 
and an extension rate of 12’’/min were used for the test. Five strips were tested for each 
specimen. Here peak load (LOAD) (kg) of the fabrics was reported to represent the 
tensile strength of the fabrics. 
 
Statistical Analysis 
The experimental results were statistically analyzed using the General Linear Models 
Procedure in JMP 5.0 to determine the significance of the effects of the parameters 
(variables) on the fabric strength (responses).  
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Results  
 
The mean values, standard deviation (σ), and coefficient of variation (C.V.) of peak loads 
of the resulting nonwoven fabrics are listed in Table 1. 
 
Table 1. Peak loads (kg) of Cotton/Eastar Bio® (/PP) nonwovens. 
Cotton/Eastar Bio® Cotton/(Eastar Bio®/PP) Binder 
Component (%) 
Bonding 
Temperature (°C) Mean σ C.V. Mean σ C.V. 
90 0.10 0.03 0.27 0.24 0.04 0.16 
100 0.14 0.03 0.24 0.30 0.05 0.15 
110 0.17 0.02 0.12 0.36 0.05 0.13 
 
15 
120 0.17 0.03 0.19 0.29 0.06 0.20 
90 0.12 0.03 0.26 0.42 0.04 0.10 
100 0.15 0.02 0.15 0.54 0.20 0.38 
110 0.30 0.12 0.41 0.65 0.15 0.23 
 
30 
120 0.30 0.06 0.19 0.56 0.36 0.64 
90 0.13 0.04 0.34 0.54 0.14 0.26 
100 0.15 0.03 0.21 1.15 0.36 0.32 
110 0.36 0.05 0.15 1.21 0.27 0.22 
 
50 
120 0.31 0.05 0.16 0.85 0.26 0.31 
 
Analysis 
 
This is not a full factorial design but a split plot design due to the restrictions of 
experimental conditions. The parameter, bonding temperature, was set only four times 
due to the experimental restrictions, thus the data are not true replications.  
 
Full model  
 
A model was first fitted where temperature was fitted to the third degree since it had four 
levels and composition to the second degree since it had two levels and binder type was 
considered as the only nominal variable. All interactions were included. The R-square of 
the fit is 0.813, which represents the proportion of variability in peak load accounted by 
the model [9]. Based on the fit the model was simplified to include only the following 
effects: TYPE, COMP, TYPE*COMP, TEMP, TEMP*TEMP, TEMP*COMP, 
TEMP*TEMP*COMP, TEMP*TYPE, TEMP*TEMP*TYPE. We have followed the 
practice of including lower level terms that are not significant if higher level terms are 
significant. For example, TEMP*COMP was included in the model because 
TEMP*TEMP*COMP was significant. Similarly, TEMP*TYPE was included because 
TEMP*TEMP*TYPE was significant. It should be remarked that the terms not included 
in the model were not significant even though the experimental variation was less in this 
split plot design than would have been in the case of true replications. This fact gives 
confidence in the non-significance of the dropped terms. 
 
Simplified model  
 
Based on above analysis, the simplified model was fitted by TYPE, COMP, 
TYPE*COMP, TEMP, TEMP*TEMP, TEMP*COMP, TEMP*TEMP*COMP, 
TEMP*TYPE, TEMP*TEMP*TYPE. The model has an R2 of 0.8068 versus 0.8127 for 
the full model so we have not lost much prediction power by simplifying the model as we 
have done.  
 
The new fitted model is:  
 
)3167.0(7947.04531.12579.05792.0 −××−×+×−−= COMPzCOMPzLoad  
 
)105)(105(0006.0
)105)(3167.0(0186.00056.0
−−×−
−−×+×+
TEMPTEMP
TEMPCOMPTEMP
 
 zTEMPTEMPTEMPz ×−−−−××+ )105(000063.0)105)(105(0005.0  
 )3167.0)(105)(105(0032.0 −−−×− COMPTEMPTEMP                                 (1) 
 
 where, z = 1 for Eastar Bio®; z = -1 for Eastar Bio®/PP 
 
Figure 3 shows the predicted profiles for Eastar Bio® and Eastar Bio®/PP binders 
respectively according to above model. It can be found that the model predicts that the 
highest strength for Cotton/Eastar Bio® nonwoven is achieved when we use binder 
component of 0.5 (50%) and a bonding temperature around 111°C; while the highest 
strength for Cotton/(Eastar Bio®/PP) nonwoven is oserved when we use binder 
component of 0.5 (50%) and a bonding temperature around 108°C. The optimal peak 
load of Cotton/(Eastar Bio®/PP) nonwoven is much higher than that of Cotton/Eastar 
Bio® nonwoven. Thus, Eastar Bio®/PP binder fiber give fabrics with increase break load 
at the temperatures and compositions tested.  
 
Predicted Peak Loads and their Prediction Intervals 
 
For practical applications, prediction interval (PI) was preferred. An interval estimate for 
an individual observation is called a PI, which is different from confidential interval of 
the mean of the population [9]. The predicted peak loads and their 95% prediction 
intervals are shown in Table 2 based on the simplified model (1). Here the prediction 
interval is where the strength of a future observation will be in the 95% confidence 
interval.  The predicted optimal peak loads and its prediction intervals were also listed in 
Table 2. It can be seen that the optimal peak load for Cotton/Eastar Bio® nonwoven is 
only 0.3635 kg, relatively lower compared with that for Cotton/(Eastar Bio®/PP) 
nonwoven, which is 1.154 kg. Thus, Eastar Bio®/PP fibers give fabrics with superior 
strength under the conditions tested. 
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Figure 3. Prediction Profiles. 
 
Summary 
 
All the three variables, binder fiber type, binder fiber component, bonding temperature, 
and their interactions affect the resulting nonwoven fabric strength significantly. When 
both temperature and binder component are treated as continuous variables and the effect 
of temperature and its interactions with other two variables are considered, a fitted model 
to predict peak loads of the nonwoven webs is developed. The optimal process conditions 
to obtain high strength nonwoven fabrics are to select Eastar Bio®/PP as the binder fiber 
type, to choose binder fiber component at 50%, and to use 107.7°C as the best bonding 
temperature. The predicted peak load of the nonwoven fabrics processed under the 
optimal condition is 1.154 kg. This simplified approach can be very useful in many of the 
nonwoven processes. 
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Table 2. Predicted peak loads and their prediction intervals (kg). 
Cotton/Eastar Bio® Cotton/(Eastar Bio®/PP) Binder 
Comp. 
(%) 
Bonding 
Temp. 
(°C) 
Predicted
Load 
LPL UPL Predicted
Load 
LPL UPL 
90 0.162252 -0.15429 0.478799 0.190442 -0.1261 0.506989
100 0.102685 -0.20747 0.412837 0.328475 0.018322 0.638627
110 0.127324 -0.18283 0.437477 0.354381 0.044228 0.664534
 
15 
120 0.236171 -0.08038 0.552718 0.268161 -0.04839 0.584708
90 0.110575 -0.1983 0.419449 0.377184 0.068311 0.686058
100 0.175418 -0.12953 0.48037 0.639627 0.334676 0.944579
110 0.227982 -0.07697 0.532934 0.693458 0.388507 0.99841 
 
30 
120 0.268267 -0.04061 0.577141 0.538676 0.229802 0.84755 
90 0.041673 -0.27648 0.359823 0.626173 0.308023 0.944324
100 0.272397 -0.03885 0.583642 1.054498 0.743253 1.365743
110 0.362193 0.050948 0.673438 1.145561 0.834316 1.456806
 
50 
120 0.311062 -0.00709 0.629212 0.899363 0.581212 1.217513
*50 111.2 0.363498 0.022088 0.647734    
*50 107.7    1.154481 0.829364 1.45501 
* predicted values for optimal processing conditions. 
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